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Abstract
I have developed a two-dimensional, three-fluid model (electrons, ions and neutrals) to 
simulate small-scale magnetosphere-ionosphere coupling processes. The code includes ion­
ization and recombination processes, the Hall term in Ohm’s law, and various heat sources 
in the energy equations. The electro-dynamic response and the evolution of the collision 
frequencies are treated self-consistently in a height resolved ionosphere. The model allows 
for the propagation of Alfven waves. The simulation is particularly suited for fast temporal 
variations and small spatial scale ionospheric structures associated with filamentary aurora 
and ionospheric heating experiments (e.g. HAARP).
I have investigated the evolution of field-aligned currents in the magnetosphere-ionosphere 
system and found several notable effects: ion heating due to plasma-neutral friction, elec­
tron heating resulting from energetic particle precipitation and ohmic dissipation by strong 
field-aligned currents. The simulation of plasma heating in the ionosphere is motivated 
by a specific auroral event that was simultaneously observed with optical and radar in­
struments. The results indicate that a consistent explanation of this event requires ohmic 
heating of electrons in a strong field-aligned electric current layer. They suggest strongly 
that the observed sequence of events can be explained only if spatial structure is present 
in the ionosphere so that it requires at least a two-dimensional model. Electron heating in
iii
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strong field-aligned currents also provides a mechanism to deposit energy in the F-region of 
ionosphere and thus can explain the formation of tall auroral arcs.
The simulation of the formation of field-aligned currents shows a strong plasma density 
depletion in the region of downward field-aligned current layer. The depletion is due to 
the divergent flow of the plasma. Similarly, the plasma density increases in the region of 
upward field-aligned current because of the convergent plasma motion. A modification of 
the ionospheric conditions by localized particle precipitation has an interesting effect. At 
the edge of the precipitation region, a new field-aligned current filament is formed. Finally, 
the simulation code is not limited by steady state assumptions commonly used for the Hall 
and Pedersen conductivities.
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Chapter 1
Introduction
Of major importance for the physics of the Earth’s magnetosphere is the coupling between 
the magnetosphere and the ionosphere. Magnetospheric dynamics is determined by the 
physical processes at the boundaries of the magnetosphere. The outer boundary of the 
system is the magnetopause, i.e., the interface between the magnetosphere and the shocked 
solar wind plasma. The other, inner boundary of the magnetosphere is the ionosphere. 
Figure 1.1 shows a sketch of the earth’s magnetosphere-ionosphere system (Kelley [1989]).
Most fundamental plasma processes in the magnetospheric system involve plasma con­
vection and plasma waves. These are causing magnetic field-aligned electric currents which 
propagate into the inner magnetosphere and down into the ionosphere. In the ionosphere 
these currents must close perpendicular to the magnetic field through horizontal currents. 
Thus the the ionosphere provides the boundary at which magnetospheric currents must 
close and the properties of the ionosphere determine how these currents close. It is impor­
tant to note that these currents are mostly carried by Alfven waves. Therefore a model 
for the formation and evolution of field-aligned currents requires the plasma equations that 
allow for Alfven wave propagation.
1
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Figure 1.1: Schematic representation of the magnetosphere. (Kelley [1989])
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31.1 Ionosphere-magnetosphere coupling
The problem of the coupling between the earth’s magnetosphere and the ionosphere has 
been studied by many researchers for a long time. There are a variety of spatial and 
temporal scales involved in the ionosphere-magnetosphere system, ranging from the small 
scale discrete aurora arcs (less than 1 km) to the global scale plasma convection pattern 
(several thousand kilometers). Various models have been developed to study the ionosphere- 
magnetosphere coupling processes with different scale sizes (e.g. Wolf et al. [1982]; Harel 
et al. [1981]; Kan [1993]; Roble and Rees [1977]; Fuller-Rowell and Rees [1980]; Sojka [1989]; 
Schunk [1988]; Roble et al. [1987]; Maurits and Watkins [1996]).
Different methods have been used in the study of the plasma dynamics due to the dif­
ferences of the plasma properties in the various regions of the ionosphere-magnetosphere 
system. In most regions of the magnetosphere, the plasma is collisionless. On sufficiently 
large scales ions and electrons are frozen into the magnetic field (i.e. E +  v x B  =  0), 
so that the ideal MHD equations are widely used to study the plasma dynamics in the 
magnetosphere. In steady state, and assuming that E\\ =  0, the magnetic field lines are 
on equal potential such that one can map the electric field in the ionosphere to the mag­
netosphere. In the ionosphere, collisions (Coulomb, electron-neutral, ion-neutral) lead to a 
finite conductivity. Thus the ionosphere represents a partially conducting boundary to the 
magnetosphere. Several large scale steady state ionosphere-magnetosphere coupling mod­
els were developed during the 70s (e.g. Axford [1969]; Vasyliunas [1970]; and Vasyliunas 
[1972]). These models address the large scale magnetospheric plasma convection motion on 
time scales of the order of hours.
There are also various global models (e.g. the Rice convection model, i.e. Wolf et al. 
[1982] and Harel et al. [1981] MHD models) to simulate the large scale magnetospheric 
dynamics. However, in these global scale models the ionosphere is usually simulated as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4a partially conducting boundary, and for years it seemed that people only treated the 
ionosphere as a passive recipient of the magnetospheric dynamics. Thus these models do 
not resolve the explicit ionospheric dynamics.
1.2 Plasm a in the ionosphere
The basic physical principles which determine the properties of the ionosphere are well un­
derstood (Schunk [1988]). Different from the magnetosphere, the plasma in the ionosphere 
(at altitudes below 150 km) is characterized by high collision frequencies between electrons, 
ions and neutral particles. Above 150 km, the ion-neutral and electron-neutral collision 
frequencies are much smaller than the ion and electron gyro-frequencies respectively. Thus 
the drift motion of the ions and electrons associated with the horizontal electric field does 
not give any considerable electric current. But in the lower E-region (below 120 km), the 
ion-neutral collision frequency can be as high as about 105 s-1, which is much higher than 
the ion’s gyro-frequency (about 300 s-1 in a 0.5 gauss geomagnetic field) such that the ion 
mean free path is much shorter than the gyro-radius. So the ions in the lower E-region 
are no longer drifting in the E x B direction. The electron motion in these lower altitudes, 
however, is still subject to the E x B drift. Although the electron-neutral collision frequency 
can reach a value above 10s s-1, it is still much smaller than the electron’s gyro-frequency 
which is about 9 x 10® s~l (assuming a 0.5 gauss geomagnetic field). This difference be­
tween the ion and electron drift motions causes the horizontal ionospheric currents. The 
component of the ion motion in the direction parallel to the electric field gives the so called 
ionospheric Pedersen current which closes the field-aligned current, the electron’s E x B 
drift contributes to the ionospheric Hall current. As the altitude increases (from 120 km 
to 150 km), due to the decreasing of the ion-neurtal collision frequencies, the ion velocity 
vector rotate towards the E x B direction.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5From the concept of the Pedersen and Hall current, the ionospheric current can be 
expressed by the ionospheric conductivities as
j =  <7oE|| +  cpE_i_ +  o'/fb x E (1*1)
where ao, crp, and ap  are parallel, Pedersen and Hall conductivities, respectively, b is the 
unit vector of the magnetic field, Eg| and Ex are parallel and perpendicular components 
(with respect to the magnetic field) of the electric field, respectively. The ionospheric 
conductivities are determined by the ion-neutral and electron-neutral collision frequencies.
The conductivities also require an approximate steady state for the ion flow because 
the ion inertia term is ignored in the derivation. This is reasonable for many applications 
because the time scale for the ion-neutral collision in the lower ionosphere (below 150 km) 
can be less than 10-4 second which is much shorter than the time scale of most ionospheric 
structures. But for the extreme case such as very fast moving or evolving thin auroral arcs, 
these ionospheric conductivities might not be applicable. For very fast processes the ion 
inertia term becomes important compared to ion-neutral friction such that neglect of ion 
inertia, as assumed for Hall and Pedersen conductivity, is not justified. In addition to the 
high ion-neutral collision rate that causes the Pedersen current, there are also ionization 
(associated with photo ionization or particle precipitation) and recombination processes in 
the ionosphere that are very important to the ionospheric plasma dynamics.
Similar to global magnetospheric simulations various models have been developed to 
simulate the large scale convection in the ionosphere (e.g. Roble and Rees [1977]; Fuller- 
Rowell and Rees [1980]; Sojka [1989]; Schunk [1988]; Roble et al. [1987]; Maurits and 
Watkins [1996]). In these models the convection is prescribed at the topside ionosphere in 
terms of a perpendicular velocity or in terms of the corresponding convective electric field. 
This field is not self-consistent but is determined either from large scale radar and tnsitu 
satellite observations (combined with satellite images) or is taken from convection models
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6which are parameterized by solar wind conditions and the interplanetary magnetic field 
(IMF) orientation.
While these models can be very useful to predict large scale ionospheric convection, 
they are not suitable to model fast temporal scales or small spatial structures. In order to 
model the larger scale ionosphere, global convection models must be able to use a relatively 
long time step for the simulation. To facilitate this they neglect the inertia term in the 
momentum equations and determine the convection velocity through the plasma-neutral 
friction in this equation (equation (2.3)). However in doing so they eliminate the usual fluid 
plasma waves (Alfven, slow, and fast waves) and the dynamics related to such waves. They 
are therefore not capable of modelling the physics of field-aligned current formation and 
evolution associated with these waves.
1.3 Small scale ionospheric dynamics
It has been established for many years that discrete auroral arcs are often very narrow 
(100 m to 1 km) (e.g. Maggs and Davis [1968]; Borovsky [1993]). These auroral arcs 
move often with considerable velocity (several kilometers per second) and faster than the 
typical ionospheric plasma convection. The thin curtains of aurora are accompanied by 
thin layers (of the order of 1 km) of field-aligned currents. Figure 1.2 shows a sketch of 
a thin auroral arc associated with the field-aligned current layer. This type of aurora is 
typical for high magnetic latitudes and in particular for periods of enhanced geomagnetic 
activity. During periods of southward IMF magnetic reconnection at the day-side ionosphere 
increases the amount of open geomagnetic flux, i.e., magnetospheric magnetic field which is 
connected to the solar wind (Dungey [1961]). As a consequence the Earth’s magnetic field 
undergoes a major reconfiguration which is associated with strongly enhanced field-aligned 
currents (e.g. Akasofu [1984]; Vasyliunas [1984] and Iijima [1984]). In the high latitude
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7Figure 1.2: A sketch of thin auroral axe
associated with the field-aligned current.
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8region the corresponding process is the auroral substorm (Akasofii [1964]). This period of 
time is characterized by strongly enhanced magnetic perturbations, particle precipitation, 
ionospheric currents, and field-aligned currents. These currents are highly filamentary and 
strongly time dependent.
Thus a proper understanding of the magnetosphere-ionosphere coupling requires to re­
solve the physics associated with field-aligned current formation and evolution on the rel­
evant spatial and temporal scales. It has been the goal of this work to provide the first 
model (chapter 2) capable of doing this. Important properties which are obtained by this 
model are electron heating, ion heating and energy deposition in the neutral atmosphere, 
ionospheric density irregularities associated with field-aligned currents, electric conductiv­
ity of the ionosphere, and the evolution of field-aligned currents in the presence of electron 
precipitation. The results from our simulation show some very interesting aspects that in­
dicate the ionosphere is not just a passive recipient of the magnetospheric dynamics, it can 
play a important role in the ionosphere-magnetosphere coupling system.
1.4 Outline of the thesis
The two-dimensional, three-fluid (neutral, ion and electron) model (chapter 2) I have de­
veloped for this thesis is the first model that can quantitatively simulate the dynamics of 
the fast temporal and small spatial scale ionospheric structures particularly related to the 
discrete aurora. By using this model, I have studied the ionosphere-magnetosphere coupling 
processes with the emphasis on the dynamics of the small scale ionosphere structures and 
achieved several interesting and relevant results. These results show that the small scale 
ionospheric structure plays an important role in the coupled ionosphere-magnetosphere sys­
tem.
The results of chapters 2, 3, 4, and 5 present largely the contents of publications that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9are submitted or about to be submitted for publication in the Journal of Geophysical 
Research (chapters 2, 3, and 4, e.g., Zhu et al. [1999]; and Zhu et al. [2000]) and Geophysical 
Research Letters (chapter 5, Otto et al. [1999]). I had the lead role in contributing to 
these publications (developing the simulation model, designing the model runs, stating the 
scientific objective and analizing and interpreting the results and associated physics). In 
the papers Zhu et al. [1999] and Zhu et al. [2000], I developed the original idea, designed 
the model runs, and analized the results. The role of coauthors included input for the 
parameterization of transport parameters, provision of optical and radar observations to be 
compared to my results and helpful discussions on various details of the simulation model. 
For the tall ray paper (Otto et al. [1999]), Dr. Rees first raised the topic of research on 
the tall auroral red-ray. Based on my simulation results of electron heating by field-aligned 
current, Otto et al. [1999] have suggested the mechanism for the tall auroral red-ray.
The detailed description of the two dimensional three-fluid model is given in chapter 
2. The model was originally developed by Birk and Otto [1996]. I modified the original 
model and improved it to a quantitative, realistic ionospheric dynamic model. The new 
model includes a full set of dynamic equations for the neutrals, ions and electrons. The 
height profile for the neutral number density and temperature is set at the beginning of 
the simulation according to the solar conditions which provides a realistic quantitative 
neutral ionospheric environment. This neutral ionospheric environment makes it possible 
to calculate the plasma-neutral collision frequencies (including ion-neutral and electron 
collisions) and thus to compute the ionospheric conductivities self-consistently during the 
simulation time. The code also includes the particle precipitation as well as recombination 
processes that are important in studying the ionospheric dynamics. The inertia term in 
the plasma momentum equation allows the Alfven wave to propagate in the ionosphere- 
magnetosphere system which enables us to simulate the evolution and formation of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
field-aligned electric current. There are various source and loss terms in the plasma energy 
equations so that we can compute the ion and electron heating and temperatures by different 
mechanisms in the ionosphere.
Motivated by optical and radar (EISCAT) observations of small scale discrete aurora, 
chapter 3 shows the first results of the ionospheric heating using this code. The simulation 
shows that Alfven waves propagate along the magnetic field lines from the magnetosphere 
down to the ionosphere and set ions in the ionosphere into motion. Due to the high ion- 
neutral collision in the ionosphere, ions in the ionosphere are strongly heated. The altitude 
range of the ion heating differs depending on the ionospheric neutral condition (which is 
related to the solar conditions). Both the energetic particle precipitation and the ohmic 
dissipation inside the field-aligned current are the sources for heating the electrons in the 
ionosphere. The electron heating by the particle precipitation is localized at certain al­
titude regions depending on the characteristic parameters (spectrum) associated with the 
precipitating particles, while the electron heating by the ohmic dissipation extends along 
the entire field-aligned current layer. The results of the simulation from the spatial struc­
ture used in this chapter show a good agreement with the radar (EISCAT) observations in 
both the ion and electron heating and the plasma number density variation. The heating 
effects discussed in chapter 3 depend on the local plasma and neutral conditions and can 
in principle be determined by a one-dimensional model provided that ion velocities and 
field-aligned current profiles are known.
In chapter 4 ,1 investigate the formation of the field-aligned current layers in the ionosphere- 
magnetosphere system and the effects that are caused by the field-aligned current in the 
ionosphere. Several interesting results are achieved with clear physical mechanisms. The up 
and downward field-aligned current layers (with a width of about 2 km) are formed when 
the two sheared magnetic perturbations in the magnetosphere propagate with the Alfven
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
wave speed along the magnetic field lines into the ionosphere. Due to the high ion-neutral 
collision frequencies, the field-aligned currents are closed by the so called Pedersen current 
in the lower E-region of the ionosphere. The field-aligned current is carried mostly by the 
electrons, while the contribution to the closing Pedersen current is largely from ions. As 
a result of the different flow patterns of the ions and electrons in the up and downward 
field-aligned current layer, irregularities are found in the plasma number density and the 
ionospheric conductivities (Pedersen and Hall conductivities) at the altitude of the closing 
Pedersen current. The convergent flow of ions and electrons at the base of the upward 
field-aligned current layer causes the increase of the plasma number density as well as the 
ionospheric conductivities, while the divergent flow of the plasma at the base of the down­
ward field-aligned current layer, on the other hand, generates a plasma density hole and thus 
decreases both the Pedersen and Hall conductivities. The downward field-aligned current 
layer widens with time because of the evolution of the plasma density depletion. Interesting 
finite field-aligned current filaments are found at the edge of the sharp particle precipitation 
boundaries.
In chapter 5 ,1 suggest a mechanism that causes the tall auroral red-ray emission which is 
often seen in the solar maximum years. During the solar maximum, the neutral atmosphere 
extends to higher altitudes and increases the density of neutral oxygen atoms. The hot 
electrons in the upward field-aligned current layers can provide enough energy for the 0 (1D) 
excitation and generate the observed tall auroral red rays.
The ionospheric conductivities and the height integrated ionospheric current are dis­
cussed in chapter 6. Since the large Pedersen and Hall conductivities are very localized in 
the lower ionosphere (E-region), the ionospheric currents (Pedersen and Hall currents) are 
meaningful only in the lower ionosphere (below 150 km). The Pedersen and Hall conduc­
tivities derived in the usual way have ignored the effect of the plasma pressure gradient and
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the inertia terms in the plasma momentum equations. I found that in the region where 
the plasma pressure gradient is large (such as the case discussed in chapter 4), there is a 
significant contribution from the electron pressure gradient term to the Hall current. When 
the discrete auroral arcs move fast enough such that the contribution from the inertia term 
is not negligible, the use of the ionospheric conductivities derived in the usual way is also 
highly questionable.
A summary of the simulation results and suggestions for future works are given in the 
chapter 7.
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Chapter 2
Numerical Model
The motivation for the present model is the need to better understand the electromagnetic 
effects of small scale ionosphere-magnetosphere coupling, with emphasis on the ionospheric 
physics. There are ionospheric models which focus on the ionospheric vertical transport 
and therefore are one-dimensional (i.e., they treat the altitude dependence of the relevant 
transport property) (e.g. Nagy and Banks [1970]; Mantas [1974]; Strickland et al. [1976]; 
Link [1992]; Lummerzheim and Lilensten [1994]; Lanchester et al. [1997]; Lanchester et al. 
[1998]). Others are large scale ionospheric convection models (e.g. Roble and Rees [1977]; 
Sojka [1989];Schunk [1988]; Raeder et al. [1996]; Raeder et al. [1998]; Slinker et al. [1999]; 
Lyons [1998]; Roble et al. [1987]; Maurits and Watkins [1996]) that determine convection 
by a steady-state ion momentum equation. However, neglecting the ion inertial term leaves 
out the physics of Alfven wave propagation. The assumption of a steady state implies 
dB /dt =  0 and a potential electric field. While this assumption is reasonable for large 
length scale, it is violated on small length scale. My model does not have this limitation. 
Consequently it is able to model, for instance, the formation of a field-aligned current 
layer through the propagation of Alfven wave packets into the ionosphere. Such currents
13
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and Alfven waves may be of central importance for filamentary aurora (e.g., Lanchester 
and Rees [1987]; Seyler [1988]; Seyler [1990]; Otto and Birk [1992]; Otto and Birk [1993]; 
Haerendel [1994]; Lanchester et al. [1997]; Stasiewicz et al. [1998]).
The present work introduces results of an improved two-dimensional, three-fluid code. 
The original code (Birk and Otto [1996]; Birk and Otto [1997]) incorporated basic plasma 
transport coefficients such as ionization, plasma-neutral friction, resistivity, etc., but most 
of these parameters were kept constant in time. Values of these transport parameters were 
assumed such that the model yielded a reasonable ionospheric response to magnetospheric 
input such as the reflection of Alfven waves, but the result of the simulation was unable 
to describe properly the corresponding ionospheric modifications, similar to the model by 
Dreher [1997]. The improvements which are detailed in this chapter address a realistic 
altitude profile of ionization rates, electron and ion cooling rates, and the modifications 
in the plasma parameters (density, electron and ion temperatures) are fed back into the 
transport parameters. Thus, the model includes the nonlinear 2-D ionospheric dynamics. 
In the following chapters, I will present a number of examples of such nonlinear effects. 
Electron inertia is not included in the model for the present work because the length scale 
of the electron inertia term is about 20 m, much smaller than the typical horizontal length 
scale in the simulation (1 km). The electron inertia term is much smaller than other terms 
in Ohm’s law.
Small scale filamentary structure is very frequent in the auroral ionosphere (e.g., Borovsky 
[1993]; Lanchester et al. [1994]; Lanchester et al. [1997]). This is a strong indication for 
the importance of time dependent processes which require ion inertia. In order to address 
the physics adequately it is also necessary to incorporate realistic ionospheric transport. 
However, there are always limitations to the degree that this is possible. For instance, to 
avoid including a complex electron transport code, the ionization rates in my model are
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parameterized by a characteristic energy and energy flux and then computed for an equi­
librium neutral atmosphere with a prescribed temperature distribution. For the ionization 
rates (and electron cooling rates) it is important to identify the neutral species. These are 
obtained from a height profile of an average neutral molecular mass, since the neutrals are 
modeled as one fluid. The code can accommodate an altitude varying ion mass. However, 
the present results are obtained for a fixed ion mass, representative of 0 +. A variable ion 
composition would require expansion of the three-fluid to a multi-fluid code. Therefore, 
effects that are specific to the presence and dynamics of more than one distinct ion species 
are not addressed. Extensions to multiple ion species and anisotropic pressures can be 
incorporated as the physical problems require such effects.
2.1 Basic equations
In this study, I use a full set of three fluid equations (electrons, ions and neutrals). This 
model is based on the three-dimensional plasma-neutral gas-fluid model developed by Birk 
and Otto [1996]. The original model is a two-fluid model which includes equations of fluid 
neutral and plasma dynamics. Since the plasma equations only solve total plasma dynamics 
(i.e. p = Pe+Pi, T  =  Te+Tj, p =  Pe+Pi ~  Pu and v  as v,), the old model cannot distinguish 
ion and electron motion seperately and thus is not suitable to quantitatively simulate the 
ionospheric dynamics, especially that associated with the ionospheric currents. Although 
collision frequencies between plasma and neutral gas are included, they are prescribed and 
not computed self-consistently with time during the simulation. To do the research for this 
thesis, I have added various new terms that are necessary and important for the small scale 
ionosphere-magnetosphere coupling processes associated with thin auroral arcs and field- 
aligned current. These new terms include ionization and recombination processes, electron 
pressure gradient and Hall terms in Ohm’s law, electron velocity to distinguish the electron
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and ion motions (which is very important for field-aligned current simulation), temperature 
contact terms between electrons, ions, and neutrals and heat conduction term in energy 
equations. An equation of electron temperature is added into the model to separate the 
different heating mechanisms for electrons and ions. Collision frequencies between electrons, 
ions, and neutrals are calculated self-consistently during the simulation which makes sure 
that the change of ionospheric conductivity is correctly computed. To quantitatively simu­
late the real ionosphere-magnetosphere coupling processes, height resolved neutral density 
(includes no, no2> and n ^ )  and temperature profiles are prescribed at the beginning of 
the simulation depending on solar condition.
The following are normalized equations used in this research, where the terms in red 
color are my additions to the old model (Birk and Otto [1996]):
%  =  - V  ■ pv+ip -  3p2 (2.1)
^  =  — V  • pnvn-tp  +  3p2 (2.2)
dpv 1—  = -V -  H  -  -V p +  pg
-h(V x B) x B+pv(t — (3p)
-P^in(v -  vn) (2.3)
dpnVn — , . 1_~ f t ~  =  -V-(PnV„V„) - -Vp„-|-p„g
-p v „(L -  (3p) -  pvin{vn -  v) (2.4)
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dB
dt =  V  X +  V x ( v x B )
- V  X — ( V  x  B )  x  B\ne
—V  x  ( p V  x  B ) (2 .5 )
—  =  - v  • Vp -  7pV • v  +  (i -  3 p )T n at
+(7 - l ) ( 2r?(VxB )2 
+tfic  _  3 . .u.\nE.—  ( Tt -  T n)
rrij t  /nn
m nVinp . A-r(----------- -t- tmi)(w -  u„)
m , 4 - m n )
$ (YI*
+ 3 i ' Kf f p (T n -  T e) -r ^ ( A , . - ^ )  (2 .6 )
ar*
a* = - V - ( 7 > e)
- T e)
-ku /^CT* -  re) + ^ (v  x B)-
n
ie c tT e
n  ( 7  — l ) n  
^ (A'§») <2-7>
^  =  - v „  • V p n -  7n P n V  - Vn- ( i -  /3p)k T n  
+ (7n -  1) f  3 - ^ ^ —(T, -  T„)
\  TTli - r  TTln 
7T lipn  .
- t - p T n  H ; ( Un  - u )ni,[ “4 mn
+3^//p(Te -  Ta) (2.8)
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here, p and pn are the total plasma and neutral mass density; m,- and m* are the ion and 
neutral particle mass; Te, T* and Tn are the electron, ion and neutral temperatures; p, 
pe and pn are the total plasma pressure, electron pressure and neutral pressure; n is the 
plasma number density; v, ve, and vn are plasma, electron, and neutral velocities; B is the 
magnetic induction vector; g is the gravitational acceleration; i is the ionization rate; i/,n is 
the ion-neutral, i/« the Coulomb, and vefj  the effective collision frequency between electrons 
and neutrals; p is the resistivity; 7 and 7n are the ratios of specific heats for the plasma 
and neutrals; ec is the average energy that goes into electron heating for each ionization 
process (a typical value is 2eV); Ae is the electron heat conduction coefficient; and k =  ^ 7 . 
Energy conservation requires j n = 7  =  5/3.
The ionization rate t, the recombination rate /3, and the electron heating rate associated 
with ionization ec are parameterized by using input from an ionospheric transport compu­
tation (Lummerzheim [1992]). The electron heat conduction coefficient Ae and the effec­
tive electron-neutral collision frequency vef/  are from the NCAR Thermosphere-Ionosphere- 
Mesosphere-Electrodynamics General Circulation Model (TIME-GCM) (Roble [1996]). The 
resistivity in the simulation is given by:
P = Pet +  Pen + Pin (2.9)
with
Pet — ^ e iTA
Pen =  At/enTA
Vin = ^I/»n'rA
where i/et, uen, t/tn are the electron-ion, electron-neutral, and ion-neutral collision frequen­
cies; ta =  Io/ va is Alfven time; and A =  ( ^ j ^)2 is a normalization coefficient. The 
parameterization of collision frequencies t/n-, vm and 1 is given by Schunk [1983].
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
19
In the computation, I assume singly charged ions, charge neutrality, and the following 
definitions:
n =  ne = rii
p = n(me +  mj)
P =  Pe+Pi
PV = peVe +  PiVi
The results are presented in physical units. In the simulation, all the quantities in
equations (2.1) through (2.8) are normalized to characteristic values of the system, i.e.,
the horizontal length scale to the typical length Iq =  1.0 km, the vertical length scale to 
lz0 =  500 km, plasma and neutral number density n and nn to no = 50000 cm-3, mass 
me, mi and mn to the oxygen mass mo = mo+, mass density p and pn to po =  nomo, 
magnetic field B  to Bq =  0.5 gauss, vertical velocity vz, vez, and vnz to the Alfven velocity 
va = Bq(pQpo)~l/2 (1220 km s_l), horizontal velocity vr and vy to Iq/Izqva (2.44 km s-1), 
pressiure p, pe, and pn to Po =  Bq/(2pq), Te and Tn to To = Po/(nofc), where k is the 
Boltzmann constant, and time t to characteristic Alfven transit time ta =  lzo/va-
I use cartesian coordinates in the simulation with x  and y (invariant) perpendicular 
to the magnetic field, z  is along the unperturbed magnetic field, which in the northern 
hemisphere is in the negative B  direction. The equations are solved with a modified Leapfrog 
scheme (Potter [1973]; Bim [1980]) of second-order accuracy in space and time. The grid 
points in the horizontal (x) direction are uniformly spaced. In the vertical direction, a 
nonuniform grid is used with the best resolution of 4 km at the bottom boundary of the 
simulation domain.
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2.2 Boundary conditions
In the simulation, I use periodic boundary conditions in the x direction which allows waves 
to propagate freely through the system. At the lower boundary of the simulation box 
(z =  100 km), the densities p, p„, pressures p, pe, pn, and temperatures Te and Tn, are 
given by continuous boundary conditions, i.e. the boundary values of these quantities are 
computed by extrapolation. But, for the magnetic field B, current j, and plasma velocity 
v, I determine the boundary values using Ohm’s law.
After obtaining the boundary values for p and p, I compute the collision frequencies i/m , 
Uin, and vei and the Pedersen and Hall conductivities. I extrapolate the electric field from the 
physical boundary to a mathematical boundary and use Pedersen and Hall conductivities 
to compute the current density from j  =  a  • E on this boundary. Similarly, the boundary 
value for the plasma velocity v is determined by
= ~ ( 2 E1 + - ^ 1 - E x b )  (2.10)
nH + ufn <4i + vin
where Ud is the ion gyrofrequency, and b is the unit vector of unperturbed magnetic field.
Finally, the magnetic field B is determined from the relation j  =  V x B.
At the top boundary of the model system (z = 1100 km) I use free boundary conditions 
for most quantities, that is, I calculate the value at the boundary from its value inside the 
physical boundary of the system by extrapolation. This maintains the initial perturbation 
for the Alfven waves and allows the transmission of the waves which are reflected in the 
lower ionosphere.
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Chapter 3
Ionospheric Heating
The simulation results in this chapter are motivated by optical and radar (EISCAT) ob­
servations of small scale discrete aurora. These observations and results from transport 
simulations are presented by Lanchester et al. [1999] hereafter referred to as Lanchester99. 
The one-dimensional transport simulations in Lanchester99 treat the ion chemistry, electron 
transport, and variations of the precipitating flux more accurately than is possible in the 
two-dimensional approach. Thus this work complements my results on the electrodynamics 
and spatial structure. The event in Lanchester99 shows an unusual evolution of plasma 
number density, ion temperature, and electron temperature. The observations and a com­
parison of my model results with these are presented in section 3.3. Motivated by this, the 
simulation results in this chapter focus on the formation of field-aligned current (FAC) lay­
ers, the associated heating of ions by the plasma motion in the Alfven waves, and electron 
heating by precipitation and in particular by ohmic dissipation in the FAC. Other aspects 
of the two-dimensional dynamics such as nonlinear effects for FAC’s, electron densities, and 
conductivities will be the topic of the following chapters.
21
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3.1 Equilibrium and initial perturbation
The simulation region extends from 100 km (lower E-region) to 1100 km altitude with the 
main magnetic field in the vertical direction. The neutral fluid is initially in hydrostatic 
equilibrium with a temperature Tn and density Tin chosen for solar-min and solar-max 
conditions from the MSIS model (Hedin [1991]) (see Figure 3.1). The neutral number 
density and temperature profiles are significantly different at high altitudes for solar-min 
and solar-max conditions. These differences yield ion heating at different altitudes. The 
neutral number density rin in the simulation is the sum of three species, i.e. 2, no, and 
no2\ all contribute to ionization and electron cooling.
I assume that the ions initially have the same temperature profile as the neutrals. The 
electron temperature equals the neutral only at the lower boundary of the system, but 
gradually increases (above 250 km) with altitude to a value of about 1300 K for solar-min 
conditions and 1750 K for the solar-max case at 600 km. To determine the initial plasma 
density profile, I assume a high altitude number density of 5 x 104 cm-3. Using force 
equilibrium and the Te +  Ti profile, I obtain the ion density profile. This profile is adjusted 
at lower altitudes to a typical density measured by the EISCAT radar during the event 
being analyzed. A small resulting force imbalance at low altitudes is negligible because the 
plasma is strongly collision dominated and corresponding effects occur on much longer time 
scales than considered here.
An initial perturbation of the plasma velocity and the horizontal magnetic field is applied 
at the top boundary with (Figure 3.2)
Vy =  ^ (l- |- tan h (0 .0 1 5 (z -8 0 0 ))) tanh(2.0(x +  6.0)) (3.1)
for x < 0 and,
Vy =  —~2^ ( l  tanh(0.015(z — 800)) j  tanh(2.0(x — 6.0)) (3.2)
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nn (cm 3)
Figure 3.1: Altitude ueutral density profile (left plot) for solar-min (solid) and solar-max 
(dotted) conditions and temperature profiles (right plot) for the neutral atmosphere (solid 
for solar min, dashed and dotted for solar max), for ions (initially identical to the neutrals) 
and for electrons (short dashes branching off the neutral temperature).
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(a) Velocity Vy (km s*1)
(b) Vy (km s '1)
x (km)
Figure 3.2: Initial velocity perturbation associated with the Alfven waves in a horizontal 
cut at the top boundary (a) and in a vertical cut at x  =  0 (b).
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for x > 0, and the magnetic field pertubation is given by
By =  ~ V y M l/2 (3-3)
Note that the perturbation defined in (10), (11), and (12) contributes to the initial conditions 
and must be consistent with the boundary conditions.
This initial perturbation propagates into the ionosphere as a pair of Alfven waves which 
produce two field-aligned current layers at x = —6 km (upward) and x = 6 km (downward). 
The amplitude is vyo = 1.0 (in simulation units) which corresponds to 2.44 km/s. The 
velocity profile of the initial perturbation is shown in Figure 3.2 as a function of x  and the 
plot in Figure 3.2b illustrates the altitude profile of the amplitude. The magnetospheric 
boundary condition is chosen such that the wavetrain maintains its amplitude. The struc­
ture of the Alfven wave and the pair of FAC’s is presented in the upper plot of Figure 
3.3. The field-aligned current is closed by polarization currents at the leading edge of the 
wavetrains.
3.2 Simulation results: Ion and electron heating in the iono­
sphere
Various terms in equations (2.6) and (2.7) can increase the ion or electron temperature in the 
ionosphere. In the electron temperature equation (2.7) two source terms can heat electrons, 
i.e., the ohmic heating term T)j2/ p n k  (j =  V x B), and heating from energetic particle 
precipitation iec/nk. Thermal energy loss is due to thermal contact between electron and 
other particles, e.g., cooling due to electron-neutral collisions veff(Tn — Te) (rotational, 
vibrational, electronic excitations Roble [1996]), and cooling by ions i/et(Tj — Te). The total 
pressure equation also includes a frictional (Joule) heating term ( p j - + m < t ) ( v  — vn)2 in 
addition to ohmic heating and particle precipitation. Ions and neutrals are heated by this
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Figure 3.3: Two-dimensional contour plots for the velocity Vy, the magnetic field By, and 
the field-aligned current density j y at time t = 0.21 second (top) and at t = 0.82 second 
(bottom).
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process. Further, advection and heat conduction can alter the local temperature. Before I 
discuss my results, it seems helpful to give a brief illustration of the propagation of Alfven 
waves in the ionosphere-magnetosphere system.
3.2.1 Alfven wave propagation and reflection
The initial perturbation launches a pair of Alfven waves carrying the velocity and magnetic 
field perturbations along the magnetic field. The pair of Alfven waves is separated by upward 
and downward field-aligned currents. The waves travel with a speed of about 1000 km/s. In 
the lower ionosphere the waves are reflected in the region of enhanced Pedersen conductivity 
(i.e. larger collision frequency and friction) (e.g. Hughes and Southwood [1976]). The 
reflection coefficient is given by Maltsev et al. [1977]. The top plots of Figure 3.3 show the 
wave perturbations for vy and By and the associated field-aligned current shortly after the 
start of the simulation. The lower plots in Figure 3.3 show the wave perturbations and 
the field-aligned current density shortly after the leading edge of the wave is reflected. The 
velocity of the reflected wave decreases while the magnetic field perturbation increases. The 
magnetic field perturbation and the field-aligned current density are about 50% larger at 
200 km indicating a reflection coefficient of roughly 50%. The major portion of the field- 
aligned current is closed through a Pedersen current in the E region. A smaller polarization 
current is associated with the leading edge of the reflected wave.
A decrease in the plasma convection is caused by the upward wave vector of the reflected 
wave. Figure 3.4 shows a schematic of the wave propagation and reflection in terms of the 
magnetic field and velocity perturbation. This work considers only the case of very long 
wave lengths corresponding to frequencies larger than about 10 seconds. Ions are heated by 
the plasma-neutral friction in the convection which is switched on and modulated by the 
Alfven waves and in the Pedersen current regions. A particular source for electron heating
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to t i  t2 t
Figure 3.4: A sketch to illustrate the velocity and magnetic field perturbations for the 
incoming Alfen wave (to and ti) and shortly after the reflection (£2).
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associated with this configuration is the ohmic heating in the field-aligned current regions.
3.2.2 Ion heating by friction betw een ions and neutrals
We examined the ion heating by the frictional force between ions and neutrals for solar- 
min and solar-max conditions (Figure 3.1) with neutral temperature profiles from the MSIS 
model (Hedin [1991]). The simulation uses the initial perturbation given by equations (3.1), 
(3.2), and (3.3). Ion heating occurs for instance in the region between the two field-aligned 
current layers, i.e. around x =  0, where the ions are driven by the Alfven wave. Figure
3.5 shows the ion temperature increase by frictional heating as a function of time for solar- 
min and solar-max conditions. The magnitude of the temperature increase and the height 
profiles are very different for the two cases, due primarily to the ionospheric conditions 
responsible for the reflection of the Alfven waves. The simulation shown in Figure 3.5 was 
started with a symmetric perturbation and no initial Pedersen current. The presence of an 
initially asymmetric Pedersen current would yield asymmetric heating across the current 
layers, as observed by Lanchester99, and by Opgenoorth et al. [1990].
The ion heating + m,t)(u — vn)2 in the total plasma energy (pressure) equation
(2.6) is proportional to the collision frequency and to the square of the ion velocity (I assume 
v„ =  0) when there is no particle precipitation. The collision frequency between ions and 
neutrals increases exponentially with decreasing height, thereby heating significantly the 
ions as the Alfven wave propagates into the E region of the ionosphere. Heating increases 
with decreasing height until the wave is reflected (Hughes and Southwood [1976]). The 
reflected wave decreases the ion velocity with a corresponding decrease of the ion heating 
rate. Thermal contact between ions and neutrals cools the ions efficiently at low altitudes. 
As shown in Figure 3.5, the ion temperature initially reaches a maximum at low altitude. 
After reflection of the Alfven wave, the maximum shifts to higher altitude. A deceleration
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Solarmax Ion Temperature at x= 0.0 (km)
0 1 2 3 4 5 6
Time (s)
Solarmin Ion Temperature at x= 0.0 (km )
0 1 2 3 4 5 6
Time (s)
Figure 3.5: Altitude versus time plots of the ion temperature for solar-max (top) and solar- 
min (bottom) conditions.
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of the convection velocity due to friction contributes to the decrease of ion heating.
3.2.3 Electron heating by particle precipitation
The simulation results on Alfven wave propagation show that ions are strongly heated in the 
region outside the field-aligned current sheets. The electron temperature remains mostly 
unchanged during the process of increasing ion temperature. There are two source terms 
in the electron temperature equation (2.7), i.e., ohmic heating rjj2/pnk in a field-aligned 
current layer and heating from ionization tec/nk.
Before discuss the results of electron heating by ionization, I first illustrate some basic 
physics. In the electron temperature equation (2.7), if we only consider the ionization 
source:
= LeCrpK—l <- T K f34X
dt nk e (7 — 1 )n e [ ‘ ’
Defining Tc = 2^-ec, (14) can be rewritten
= L (T c -T e) (3.5)
L/1 TI
For a typical value of ec = 2 eV, we obtain Tc =  1.55 x 104 K, which is much higher than 
the usual electron temperature in the ionosphere. Equation (3.5) shows that electron heating 
by ionization is proportional to the ionization rate and inversely proportional to the plasma 
number density. Electron heating by ionization is fast when the electron temperature is 
low, i.e. at the beginning of ionization. As the electron temperature increases, the heating 
rate by ionization slows down.
In my simulation the ionization rate is parameterized from the output of a 1-D tansport 
code (Lummerzheim [1992]). The input to the transport calculation is an energy flux of 
40 mW m~2 with a characteristic energy i?c/iar °f 1*0 keV in a Maxwellian spectrum. The 
resulting height profile is shown in Figure 3.6. The ionization peak is at about 130 km. The
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Ionization Rate (cm3 s 1)
Figure 3.6: Height profile for the ionization rate for the solar-min case and an incident 
Maxwellian energy flux of 40 mW m-2 with a characteristic energy Echar of 1.0 keV.
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resulting electron temperature from the simulation, adopting the ionization profile of Figure
3.6 for solar minimum conditions, is shown in the top panel of Figure 3.7. The ionization 
was applied only in a limited vicinity around x =  0.
The evolution of the electron temperature profile follows the physical arguments implied 
by equation (3.5). At early times the maximum electron temperature increase is at about 
170 km, slightly higher than the altitude of maximum ionization rate. The initial number 
density increases with decreasing altitude (down to about 130 km, bottom panel of Figure 
3.7). Thus the initial energy deposition per electron has a maximum slightly above the 
region of maximum density. As time proceeds the plasma number density at lower altitude 
increases faster due to ionization, such that energy deposition per electron decreases further. 
In addition, the cooling term veff{Te — Tn) in the electron temperature equation is large at 
lower altitudes. The combined effect shifts the maximum electron temperature to higher 
altitude. Heat conduction also contributes to this shift as we will show later.
The ion temperature change, in this case, is very similar to that shown in Figure 3.5 
(solar-min). The only difference is that the ionization changes the density profile and 
reflection properties for the Alfvdn wave which, however, does not change the heating profile 
significantly.
3.2 .4  E lectron heating by ohm ic dissipation
A strong field-aligned current heats the electrons by ohmic dissipation. The heating rate 
is given by T)j2 where q is the resistivity and j  is the current density. In the field-aligned 
current layer simulation (Figure 3.3), the initial plasma flow and the sheared magnetic 
field generate two field-aligned current layers, with the upward current layer at x =  —6 
km and downward current layer at x =  6 km. As the perturbation propagates with the 
Alfven wave into the ionosphere, the two field-aligned current layers expand over the entire
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Electron Temperature at x=  0 .0  (km)
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Figure 3.7: Electron temperature evolution (top) and number density (bottom) for the 
ionization shown in figure 3.6.
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simulation box. Reflection of the Alfven wave increases the amplitude of the magnetic field 
perturbation, resulting in an increase of the current density with time as the current sheets 
develop. In Figure 3.3, it is shown that at t =  0.82 second, just after the wave is reflected, 
the magnetic field perturbation is enhanced from 110 nT to 170 nT, and the field-aligned 
current is increased to about 230 /xA m-2. Such values are large but not unreasonable for 
filamentary aurora (e.g., Lanchester et al. [1997]; Stasiewicz and Potemra [1998]; Stasiewicz 
et al. [1998]).
Figure 3.8a shows details of the field-aligned current structure, the velocity perturbation, 
vy, the magnetic field perturbation, by and the field-aligned current, j z at t = 4 second. 
Figure 3.8b shows the vector plot of the field-aligned current and the electron velocity as 
well as the ion velocity. Note that both upward and downward field-aligned currents are 
carried by electrons, while the closing Pedersen current at about 117 km is carried by ions.
I examine electron heating by ohmic dissipation in the absence of precipitation at the 
center of the upward current layer. Figure 3.9 shows a plot of the parallel resistivity at the 
center of the upward current layer. The resistivity decreases exponentially with altitude. 
Since the current density is almost constant with altitude, the ohmic heating rate should be 
maximum at the lower end of the field-aligned current layer and decrease exponentially with 
the altitude. Electron cooling by collisions with neutrals and ions increases with decreasing 
altitude. Therefore the change of electron temperature is the result of both heating and 
cooling.
Figure 3.10 shows the electron temperature evolution at the center of the upward field- 
aligned current. The electron temperature changes are due to the combined effect of ohmic 
heating and collisional cooling. As the field-aligned current propagates into the ionosphere, 
the electrons at higher altitude are heated first. The heat source moves down to lower 
altitudes with the Alfven wave. It takes only about 0.6 seconds for the Alfven wave to
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Figure 3.8: Two-dimensional contour plots of velocity Vy, magnetic field By, field-aligned 
current density j y (top row), and vector plots of current density, ion velocity, and electron 
velocity (bottom row) for the solar-min case without precipitation.
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Figure 3.9: Parallel resistivity in the upward current layer (x =  -6  km) at time t = 4.1 
seconds.
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Figure 3.10: Electron temperature evolution for the solar-min case in the upward current 
layer at [x =  —6 km).
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arrive at the lower boundary. After about 2 seconds, the balance between heating and 
cooling yields a maximum electron temperature at about 200 km. The lower boundary 
of the large electron temperature increase appears as low as 170 km. Note that ohmic 
dissipation has a negligible effect on ion heating.
3.2.5 Sources and losses for th e electron  tem perature
Figures 3.11a and 3.11b illustrate the contributions of various source and loss terms to the 
evolution of the electron temperature in eV s-1 per particle for the cases of precipitation 
(3.11a) and ohmic heating in the upward FAC region (3.11b). The heavy solid line in the 
plots represents the sum of all source and loss terms. For the case of precipitation, electron 
heating in the upper ionosphere is due to heat conduction. In the lower portion of the 
ionosphere the electron temperature is close to a steady state where the heating by particle 
precipitation and losses due to electron-neutral interaction and heat conduction balance 
each other. There is a small negative residual in the overall temperature evolution at lower 
altitudes. This is caused by the increasing number of electrons due to precipitation such that 
the heating per particle from precipitation is slowly decreasing in time. The temperature 
maximum at this time is at about 220 km altitude. Neutral collisions become rare at this 
altitude that the dominant transport is through heat conduction.
In the case of ohmic heating (Figure 3.11b) the lower portion of the electron temperature 
is also close to a steady state. However, different from the precipitation case, the upper 
part of the current layer (above 250 km) is still heated. Since the upper temperature profile 
shows a very small gradient, heat conduction is less important than in the precipitation 
case. The dominant source for energy input is the ohmic heating. A significant additional 
source for energy deposition or transport is advection in the region with a large gradient 
in the electron temperature. Note that the field-aligned current implies an electron drift
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
40
Sources and losses for Te (eV/s) Sources and losses for Te (eV/s)
500
400
300
200
100
(a) “ I---------time: 6.15 s
Ohmic H. I x = 0.00
- •  - - -Energetic P. \  -
------ E-N cooling
--------E-l cooling 11
----------Heat Cond. ij
. . —Advection / 
— —Sum
/  \_ ✓ \ 
/ J
-0.30 -0.15 0.00 0.15 0.30
Figure 3.11: Plot of source and loss terms for the electron temperature for the precipitation 
case (a) shown in 3.7 and for the ohmic heating case (b) shown in 3.10.
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of about 4 km s-1. The transport by convection provides a positive contribution in the 
upward current layer and (without illustration) a negative one in the downward current 
layer (because cold material is carried upward). In the lower portion of the ionosphere the 
positive source terms are efficiently compensated by electron neutral collisions.
The characteristic time scale to achieve a steady state increases with height because the 
electron-neutral collision frequency is exponentially decreasing with altitude. This leads to 
an evolution where a steady electron temperature is assumed to occur faster in the lower 
ionosphere.
3.3 Comparison with radar observation
The EISCAT radar and optical observations (January 28, 1995) are presented and discussed 
in detail in Lanchester99. The event was characterized by the presence of filamentary aurora 
in the field of view of the radar and imagers. Figure 3.12 (contributed by B. Lanchester) 
shows radar observation data of a discrete aurora event on January 28, 1995. From the 
top, the first three panels show the ion temperature, electron temperature, and the electron 
number density variations, respectively, in the altitude range between 150 km and 350 km. 
The bottom panel shows a better resolved electron number density change at the altitude 
below 140 km.
The data show an initial increase of the ion temperature in a region of decreasing electron 
density and temperature. During the subsequent decrease in ion temperature the electron 
temperature suddenly increased. The increase in Te occurred without a corresponding 
electron density increase, which followed a few seconds later.
Figure 3.13 shows the ion and electron temperatures and the electron density as functions 
of horizontal distance across the current layer (x) for three fixed altitudes and time t =  6.15s 
for the case without particle precipitation. Early in the simulation, ions are strongly heated
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Figure 3.12: Radar observation of a discrete auroral event on January 28, 1995 (Provided 
by B. Lanchester). Notice that there are no data below 140 km in the second and third 
panels, and below 90 km in the bottom panel.
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Figure 3.13: Profile of electron density (top), ion temperature (middle), and electron tem­
perature (bottom) as a  function of x  for time t = 6.15 seconds and for three fixed altitudes 
(181 km, 228 km, and 281 km). The plot is for the case without precipitation.
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in the region outside the current layers. The maximum ion heating appears below 200 km 
(compare Figure 3.5). After 6 seconds the electron temperature inside both current layers 
(x =  ±6 km) increases significantly, up to 3000 K.
My simulation shows a number of the properties which characterize the observed event. 
Assuming that the radar field of view is first in a region outside the field-aligned current, then 
inside the field-aligned current, and finally in a region with enhanced electron precipitation, 
one would expect to observe:
1. Ion temperature with a temporal profile similar to that illustrated in Figure 3.5; 
since there is no significant precipitation in this region, electron density and temperature 
are constant or slowly decreasing. The event starts with ion heating shortly after 22:33:30 
(UT) (Lanchester99). The initially strong ion heating starts at about 170 km. The ion 
temperature maximum then moves to higher altitudes. The observations were acquired 
during solar-min conditions. Both the altitude progression and the temporal profile of the 
ion temperature are similar to the ion temperature for solar-min conditions in our simulation 
(bottom panel of Figure 3.5). During ion heating, both the electron density and temperature 
slowly decrease.
2. A rapid increase in electron temperature when the FAC comes into the field of view: 
At the same time, the ion temperature should decrease to the background level (Figure 
3.13) because the fast ion flow is outside the FAC region. EISCAT data (Figure 3.12) show 
a sudden increase of electron temperature just after the ion heating. At the beginning of the 
electron heating, the electron density decreases. The initial electron heating region extends 
from about 170 km to higher altitudes. The electron temperature increases to above 3000K. 
Since the electron density is decreasing at this time, the heating is expected to be due to 
a source other than precipitation. Our simulation results (top panel of Figure 3.10) show 
that the electron temperature inside the current layer increases up to about 3000K in a
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few seconds. The altitude extent of electron heating also agrees with the observed, data, 
i.e., from 170 km to higher altitudes. At the time of electron heating by the field-aligned 
current, the ion temperature decreases to the background level.
3. An increase of the electron density when the precipitation comes into the field of view. 
This is not a self-consistent result of the present 2D fluid model but has to be assumed as 
a boundary condition for the incoming electron flux, similar to the ID transport model of 
Lanchester99. Shortly after the start of the electron heating, the electron density increases, 
which indicates that the field of view is in a region of particle precipitation. From 22:34:00 
(UT) to about 22:34:30 (UT), the electron density continues to increase, with a maximum 
at about 130 km, which corresponds to particle precipitation with characteristic energy 1.0 
keV (Figure 3.6). The electron temperature further increases at the same time with the 
maximum slightly above 3000 K. However, the bottom edge of the electron heating region 
moves to higher altitude, and there is strong electron heating at altitudes above 200 km. 
Our simulation results of electron heating by particle precipitation (top panel of Figure 3.7) 
shows reasonably good agreement. After 22:34:30 (UT), the electron density increases at 
lower altitude with a maximum at about 125 km. This indicates that the characteristic 
energy of precipitation increased to a higher value, resulting in energy deposition at lower 
altitudes.
Figure 3.14 illustrates a result where I included two additional properties compared to 
the results shown in Figure 3.13. I added an Alfv£n wave with constant amplitude of half 
the value for the two original Alfv6n wave trains to include a large scale convection. This 
yields a larger convection velocity in the region x < — 6 km (and z > 6 km). We also 
included particle precipitation in the region — 5 km < x  < 5 km with the same energy flux 
and characteristic energy as for the result of Figure 3.7. The result in Figure 3.14 shows 
density, ion temperature, and electron temperature in time intervals of 1 second (covering
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Figure 3.14: Profile of electron density (top), ion temperature (middle), and electron tem­
perature (bottom) as a function of x for 11 different times (1 second apart) for the altitude 
229 km. The case uses precitpitation in the region —5 km < x < 5 km and a modification 
of the Alfven waves (see text).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
47
a total of 10 seconds) as a function of x  for a constant altitude of 229 km. A scan through 
this structure from left to right shows the basic sequence of the EISCAT event. It should, 
however, be noted that this is not a unique quantitative result for such a scan because this 
depends on how fast the the scan is performed (or how fast the stucture moves). Note that 
T also used an average over about 1 km to emulate the field of view of the radar. I did not 
average over time in Figure 3.14. The small gap in the electron temperature depends on 
the precise location of the precipitation region relative to the location of the field-aligned 
current.
While the overall situation seems to be captured relatively well, quantitative aspects of 
the 2-D simulation are certainly different. In my simulation, I did not attempt to introduce 
a time varying ionization rate to obtain a best fit. Figure 3.14 illustrates that a scan 
through a two-dimensional fast evolving structure cannot yield a unique result. The precise 
distribution and time history of the Alfvenic perturbations are not known and are likely 
more complicated than in the simplified smooth model adopted here. However, it is shown 
that a strong filamentary current layer has characteristic properties in terms of convection, 
ion heating, and electron heating.
3.4 Summary and discussion
In this chapter, I have reported the first results from a new two-dimensional three-fluid 
code with application to electromagnetic coupling between the ionosphere and the mag­
netosphere. The simulation solves the continuity, momentum, and energy equations for 
neutral, ion, and electron fluid components. The ionospheric transport parameters are 
computed from standard formulations for the collision frequencies and the code uses meth­
ods typically applied in one-dimensional transport computations to determine ionization, 
recombination, and electron cooling rates. The model includes ion inertia, such that the
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typical fluid plasma waves are a part of the simulation. This is particularly important for 
the magnetosphere-ionosphere system in which Alfven waves are central for the interaction 
between the two systems. Consequently, the simulation code is well suited to describe fast 
temporal and small spatial changes in the ionosphere.
The two-dimensional model cannot address the deformation of FAC and discrete aurora 
along the auroral curtain, which requires three dimensions. However, it provides a realistic 
model for the formation of FAC layers by Alfvenic perturbations.
The results of this chapter focus on various mechanisms of ion and electron heating. 
The motivation for this focus is three-fold. First it demonstrates that the code obtains 
reasonable quantitative results for these heating mechanisms. Second, the demonstrated 
heating processes depend on a temporal and spatial variation of the magnetospheric input. 
Finally, radar and optical observations of ion and electron temperatures and ionization in 
an auroral event are reproduced in many respects by the 2-D simulations. Based on my 
results I suggest that the sequence of events reported in Lanchester99 is in part caused by 
the spatial structure of convection, field-aligned currents, and precipitation, in or close to 
the particular auroral arc structure.
For the simulation I employ boundary and initial conditions that cause Alfv6n waves to 
propagate from the magnetosphere into the ionosphere. If the velocity and flow perturbation 
of the waves changes (reverses sign) across a vertical boundary the waves carry a field-aligned 
current into the ionosphere.
I have demonstrated that the impact of the horizontal ion flow carried by the wave 
leads to fast ion heating first at lower ionospheric altitudes. The partial reflection of the 
wave (with a corresponding decrease in the flow velocity) and the large ion-neutral thermal 
contact at lower altitudes leads to a subsequent shift of the maximum ion temperature 
to higher altitudes. This heating does not affect the electrons. Our model predicts the
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correct temporal evolution on short time scales from wave reflection, ion-neutral friction, 
and cooling by neutrals.
The results demonstrate very significant electron heating by ohmic dissipation within a 
strong field-aligned current. The ohmic heating in field-aligned currents is neglected by most 
other models since it is of no significance on sufficiently large scales. Our model determines 
the current density self-consistently as a function of time for given magnetospheric boundary 
conditions. The horizontal ion velocity is much smaller in the current layer than outside 
such that ion heating is small inside the layer.
It is often assumed that discrete auroral arcs are associated with upward field-aligned 
current regions and corresponding Alfvenic perturbations (e.g. Lanchester and Rees [1987]; 
Seyler [1988]; Seyler [1990]; Otto and Birk [1992]; Otto and Birk [1993]; Haerendel [1994]; 
Lanchester et al. [1997]; and Stasiewicz et al. [1998]). Thus, electron precipitation should 
be expected in a small region within or next to the current layer. The transport model 
results of Lanchester99 demonstrate excellent agreement for the electron density profile and 
evolution. However, there is a large discrepancy for the electron temperature without a 
heating source other than precipitation. Including a significant field-aligned current density 
can explain the rapid heating. Our results complemented by the one-dimensional tranport 
result of Lanchester99 provide strong evidence for large field-aligned current densities in or 
next to discrete aurora.
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Chapter 4
Field-Aligned Current
The field-aligned currents (FAC) are the bridge which connects the ionosphere to the magne­
tosphere. The study of the FAC is critical in understanding the dynamics of the ionosphere- 
magnetosphere coupling processes. At the beginning of the twentieth century, based on the 
fact that the luminescence of the aurora is mostly along the magnetic field lines, Kristian 
Birkeland, a Norwegian scientist, first hypothesized the existence of FAC in the high latitude 
ionosphere-magnetosphere system and suggested that the connection of these field-aligned 
currents to the horizontal ionospheric currents closes the ionosphere-magnetosphere electric 
circuit. So the field-aligned current is often called Birkeland current. This foresighted idea 
had been debated among researchers due to lack of support from direct observation until 
the late 60s, when a large amount of data were obtained from satellite observations.
Satellite observation has provided us a unique way to study the field-aligned current 
in the magnetosphere-ionosphere system. By using J =  V x B, the magnitude, location 
and the direction of the field-aligned current can be determined by the horizontal magnetic 
field perturbations (Zmuda et al. [1966]). The magnetometer on TRIAD (the first polar 
orbited satellite) observed a large magnetic field perturbation in the east-west component
50
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which indicates a current in the vertical direction (i.e. the FAC). Based on the data from the 
TRIAD, Iijima and Potemra [1978] summarized the large scale FAC distribution in the high 
latitude ionosphere (Figure 4.1). Several large scale models have been developed to study 
the large scale FAC in the ionosphere-magnetosphere system (e.g. Wolf [1975]; Bostrom 
[1968]; and Rostoker and Bostrom [1974]). These large scale models have suggested different 
mechanisms for the closure of the FAC in the magnetosphere.
The large scale FAC pattern is an average picture. However, the purpose of this thesis 
is to study the dynamics of the small scale ionospheric structures such as the discrete 
aurora which has a spatial scale between 100 m and 10 km . Recently, by using a much 
simplified height-resolved ionosphere-magnetosphere coupling model (a MHD model added 
with an ion-neutral friction term in the ion’s momentum equation), Dreher [1997] studied 
the dynamics of the small scale FAC in the ionosphere with interesting results. There, 
he simply prescribed a certain altitude profile of the ion-neutral collision frequency in the 
ion-neutral friction term. It turns out that this prescribed ion-neutral collision frequency 
profile provides the Pedersen conductivity needed to close the field-aligned current with the 
ionospheric Pedersen current. Another important result from Dreher’s simulation is the 
suggestion that the plasma density irregularities in the E-region of the ionosphere are a 
result of the current closure. Since it does not solve the ion-neutral collision frequency self- 
consistently (because there are no neutral equations in the code), and neglects the electron 
energy equation, this model cannot resolve other important ionospheric properties such 
as ionospheric heating and the phenomena associated with the change of the ionospheric 
conductivities.
My two dimensional three-fluid model is the first model that can resolve the dynamic 
and nonlinear electromagnetic interaction between the ionosphere and the magnetosphere 
with a realistic height-resolved neutral atmosphere. In this chapter, I will show some new,
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Figure 4.1: Two overlapping rings of field-aligned currents always exist at the high latitudes, 
in the same region of the auroral oval. During quiet times, the FAC pattern occurs at higher 
latitude and with small latitude extent. The inner and outer rings are called region 1 and 
region 2 current respectively. (Iijima and Potemra [1978])
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interesting results of the field-aligned currents and their effects on the ionosphere.
4.1 Equilibrium and initial perturbation
The system is initially set in force equilibrium, i.e. neutral hydrostatic equilibrium. The 
total neutral number density nn is the sum of three species, i.e., molecular nitrogen, atomic 
oxygen, and molecular oxygen, because these three are the dominant species and have 
important contributions in ionization and electron cooling processes. The neutral mass 
used in the simulation is an effective mass me//, which is a weighted average of the above 
three species. I use the data for the solar maximum condition from the MSIS model (Hedin 
[1991]) to determine the initial neutral density and temperature profile. The initial neutral 
temperature at the higher altitudes is chosen to be 1300 K. The initialization of plasma 
temperature, number density, and pressure profile is described in section 3.1.
The following perturbations are set at the beginning of the simulation:
Vy =  M ( i  + ^6 (0 .0 1 5 (2 -800)))<anh(2.0(x + 6.0)) (4.1)
for x  < 0 and,
Vy = _ M ( i  + tonft(o.015(z-800)))tanh(2.0(x-6.0)) (4.2)
for x > 0.
This is the sheared magnetic field and plasma flow perturbation at the top boundary 
(Figure 4.2) which generates two field-aligned current layers at x  =  — 6 km (upward) and 
x  =  6 km (downward). The amplitude of this perturbation is uyo = 0.205 in simulation unit 
which corresponds to 500 m/s .
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4.1.1 Boundary conditions
The boundary conditions in the simulations of this work are mostly the same as those in 
section 3.1 except the one for velocity at the top boundary. In this work, I keep the plasma 
shear flow (velocity) perturbation fixed.
4.2 Results
4.2.1 A lfven wave propagation and reflection in the ionosphere and the 
current layer form ation
Figure 4.2 shows the sketch of the initial sheared magnetic field and plasma velocity pertur­
bations. These perturbations propagate with Alfven waves into the ionosphere and generate 
two field-aligned current layers. When the wave front gets into the ionosphere where the 
collision frequencies between plasma and neutral are large, part of the wave energy is lost 
due to the Joule dissipation in the ionosphere associated with Pedersen current, and part 
of the wave is reflected back to the magnetosphere. The reflection of an Alfven wave in the 
ionosphere has been theoretically studied by Hughes and Southwood [1976], Maltsev et al. 
[1977], Newton et al. [1978], Ellis and Southwood [1983], and Yark and Southwood [1986]. 
All these authors studied the total effect of the Alfven wave reflection by the ionosphere, 
i.e. they treat the ionosphere as a conducting layer and use the height integrated Pedersen 
conductivity to calculate the reflection coefficient. By doing this, they assume that the 
horizontal electric field is constant along the magnetic field line. The reflection coefficient, 
R, is given by (Maltsev et al. [1977]):
* = r a  <«>
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Where Sp is the height integrated Pedersen conductivity and Sa =  (/toVa) 1 with V\ the
Alfven velocity.
The reflection coefficient R  is strongly dependent on the height integrated Pedersen 
conductivity Sp. When Sp is large, the reflection is more efficient, and for small Sp the 
reflection is less efficient. The Pedersen conductivity is given by:
Where u>ce and uid are electron and ion gyro-frequencies respectively, uen and i/tn are 
electron-neutral and ion-neutral collision frequencies.
To use the height integrated Pedersen conductivity, one has to assume that the electric
in the ionosphere-magnetosphere system. My results show the details of the Alfven wave
4.3 shows a time sequence of the Alfven wave propagation along the magnetic field line 
from the magnetosphere into the ionosphere at the earlier times of the simulation. We
amplitude of the magnetic field perturbation increases slightly with time as the wave is 
propagating. This indicates that the wave is gradually reflected (Zhu et al. [1999]). The 
major part of the Alfven wave reflection is achieved when the wave reaches the lower E- 
region of the ionosphere (after 0.82 s) where the Pedersen conductivity is very large. The 
mechanism of the reflection is the friction between plasma and neutrals. The Pedersen 
conductivity is the quantity describing the plasma-neutral friction and it is determined by 
the collision frequencies between plasma and neutral (i.e. i/m and */,-„) as well as the plasma 
number density. The ion-neutral friction is more important because in the lower E-region 
of ionosphere, i/tn is much larger than uid while um is still smaller than uice, such that the
(4.4)
field along the magnetic field line is constant which implies a steady state assumption. In 
my study, I use the full dynamics of the propagation as well as reflection of Alfven waves
reflection processes in the ionosphere with better temporal and spatial resolution. Figure
see that during the early time, before the Alfven wave reaches the lower ionosphere, the
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Figure 4.3: Simulation results of the time evolution of the Alfven wave propagation and 
reflection in the ionosphere and the field-aligned current layer.
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dominant term for large Pedersen conductivity is from the term of ion-neutral collision.
Figure 4.4 shows the formation of the field-aligned current layers. When the initial 
magnetic field shear perturbation propagates with Alfven waves into the lower ionosphere 
along the magnetic field lines, two field-aligned current layers are built up. Both, the 
magnitudes of the magnetic field perturbation and the FAC are enhanced due to the Alfven 
wave reflection. The magnetic field perturbation increases from its initial value of ±22 nT 
to ±32 nT , and the FAC density increases from ±32 fiA m-2 to ±43 (iA m-2.
4.2 .2  D ensity dep letion
The FAC is closed by the Pedersen current in the lower E-region of the ionosphere. Since the 
FAC is mostly carried by electrons, while the Pedersen current is largely carried by ions, at 
the base of a field-aligned current layers where the FAC is connected to the closing Pedersen 
current, the plasma number density changes according to the pattern of the plasma motions. 
At the base of the upward field-aligned current layer the plasma number density increases as 
a result of the plasma’s convergent flow, i.e., electrons moving downward and ions moving 
inward. On the other hand, at the base of the downward field-aligned current layer, the 
plasma number density decreases due to the plasma’s divergent flow, i.e., electrons moving 
upward and ions moving outward. This mechanism implies that if the downward FAC layer 
can stay in the same location for a certain period of time, a number density hole will be 
generated at the base of the current layer.
Figure 4.5 shows a sketch of the downward FAC and the associated electron as well as 
ion motion. We can use the continuity equation to briefly estimate the decreasing rate of the 
plasma number density. The continuity of the current requires that V-j =  eV-n(v,-—ve) = 0, 
but for electrons, V • nve 0 which, from the continuity equation, implies that ^  0.
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Figure 4.4: Contour plot of the Alfven wave propagation and the field-aligned layer for­
mation. Top plots show the perturbation of velocity (left), magnetic field(middle), and 
field-aligned current layers (right) at the early simulation time t  =  0.21 s. The bottom plots 
show the same parameters at the time of 0.82 s.
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Density Depletion by Downward Field-Aligned Current
•*11
Figure 4.5: A sketch of the electron and ion motion in the downward field-aligned current 
layer. The divergent of both electron and ion at the base of the downward FAC layer 
generates a plasma density hole.
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The continuity equation is given by:
dn _—  =  — V • nve (4.5)
Inside the current layer, j  a  j|| as —enve, so that we can rewrite the continuity equation as:
s  - 'A  »>
This equation can be solved in the region with the gradient of the field-aligned current as:
n e =  n eo ( l  +  At)
where, A ss ^  as — and Iq is the distance from the base of the current layer where 
ve|| =  0 (i.e. j|| = 0) to the altitude that j|| reaches constant.
As a result of the plasma density irregularity associated with the field-aligned current 
layer, the original conductivity pattern in the lower E-region of the ionosphere in the vicinity 
area of the field-aligned current layer is changed. The conductivity increases (decreases) in 
time around the base of the upward (downward) FAC layer. Figure 4.6 shows the simulation 
result of this phenomena 8 seconds after the field-aligned current layers have reached the 
E-region. The top panel shows the FAC closed by the Pedersen current at the lower E- 
region and the ion as well as the electron flow pattern. We can see that the FAC is indeed 
carried by the electrons, and the closing Pedersen current is largely carried by the ions. 
The bottom panel shows the plasma number density irregularity and the Pedersen as well 
as Hall conductivities change due to the different patterns of the plasma motion associated 
with the FAC. We can see a density hole (peak) and minimum (maximum) conductivities 
at the base of the downward (upward) field-aligned current layer (at x  =  6 km). Figure
4.7 shows the density variation with time at the different locations of the simulation box, 
i.e., inside the upward current layer at x  =  — 6 km (top panel), outside the current layer 
at x  =  0 km (middle panel), and inside the downward current layer at x  =  6 km (bottom
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Figure 4.6: Simulation results of the FAC, the ion and electron motions related to the FAC 
layers in the ionosphere (top plots), density hole, and Pedersen as well as Hall conductivities 
(bottom plots).
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Figure 4.7: The plots of time evolution of the electron number density at the different 
locations: inside the the upward field-aligned current layer at x  =  — 6 km (top), outside the 
current layers at x  =  0 km (middle), and inside the the downward FAC layer at x  =  6 km 
(bottom).
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panel). Notice that beside the density change associated with the FAC, we see the density 
decreasing everywhere at the lower altitude due to the recombination processes. The time 
scale of the recombination is longer than that of the density hole formation by FAC.
4.2.3 W idening o f th e downward field-aligned current
Another interesting effect of the FAC is that the density hole at the base of the downward 
field-aligned current layer makes the current layer wider. Figure 4.8 shows the plots of 
plasma number density, Pedersen conductivity, and Hall conductivity along a horizontal 
cut at the altitude of 120 km where we find the closing Pedersen current, at the times of 1.0 
and 8.2 seconds. We see that after 8 seconds, due to the plasma density change, the Pedersen 
conductivity at the location of upward FAC increases from about 2 x 10~4 to about 3.5 x 10-4 
mho/m. But in the region of downward FAC layer, Pedersen conductivity strongly decreases 
to 3 x 10-5 mho/m. With such a small Pedersen conductivity, Pedersen current cannot close 
at the center area of the density hole, and a large part of the field-aligned current connects to 
the Pedersen current at the edge of the hole where the Pedersen conductivity is large enough 
(Figure 4.6). This change in conductivity widens the downward FAC layer. The decreasing 
of the plasma number density, and Pedersen and Hall conductivities outside the current 
layers is due to the fast recombination processes in the lower ionosphere. Figure 4.9 shows 
contour plots of the three components of the current density at times 1.0 and 8.2 seconds. 
We see that the downward field-aligned layer after 8 seconds is much wider than that at 
the early time and significantly wider than the upward FAC layer. One interesting thing 
is that although the density hole is only localized at the lower E-region of the ionosphere, 
the widening effect of the downward FAC layer is through out the entire current layer. 
This shows one aspect of the important role that the lower E-region of ionosphere plays in 
regulating the field-aligned current. The increase of the current density magnitude is due
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Figure 4.8: The change of plasma number density (top), the Pedersen (middle) and Hall 
(bottom) conductivities between from the early time t =  1.0 s (solid lines) to the time of 
t =  8.2 s (dash lines) at the altitude of z =  120 km .
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Figure 4.9: The ionospheric current at time t =  1.0 s (top) and t =  8.2 s (bottom), and the 
widening of the downward FAC layer.
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to the Alfven wave reflection.
4.2.4 F in ite field-aligned current filam ent
Ellis and Southwood [1983] pointed out that in appropriate circumstances an Alfven wave 
incident on an ionosphere with a steep horizontal gradient in conductivity can give rise to 
sheets of FAC set up on the edge of the ionospheric region of enhanced conductivity. They 
obtained their results by using the height integrated Pedersen conductivity, a constant elec­
tric field, and treating the ionosphere as a boundary. However, in a realistic environment 
the electric field varies with altitude, with the horizontal direction, and with time. I investi­
gated this phenomenon in detail with the full dynamics and an altitude resolved ionosphere 
by adding a localized soft particle precipitation in the region around the upward FAC layer.
The initial configuration and perturbation is set the same as the FAC simulation I 
described above. But in this computer experiment, a particle precipitation with a charac­
teristic energy of 500 eV and an energy flux of 80 mW m-2 is added in the region between 
x = — 2 km and x  — —10 km. The upward field-aligned current layer is located at x  =  — 6 
km. Figure 4.10 shows the altitude profile of the ionization rate for this precipitation. This 
precipitation yields a maximum plasma number density at the altitude of about 160 km. 
The precipitation process is parameterized by using input from an ionospheric transport 
computation (Lummerzheim [1992]].
Figure 4.11 shows the vector plot of the current density of the simulation results at 
time 6.15 second. It shows (top panel) that a downward field-aligned current filament 
is generated at the sharp edges of the particle precipitation (x =  —2 km and x = —10 
km) where the Pedersen conductivity has a strong gradient due to the large difference of 
the plasma number density between the two sides. The interesting fact is that this field- 
aligned current filament does not go down to the lower E-region of the ionosphere (120
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Ionization Rate (1 cm 3 s ')
Figure 4.10: Ionization profile with the characteristic energy of 500 eV and the energy flux 
of 80 mW m-2.
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Figure 4.11: Finite FAC filament at the sharp edge of the particle precipitation boundary 
and the ion as well as electron motion. The bottom panel shows the amplified structure.
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km) like the usual FAC does. It stops at an altitude of about 160 km, where the plasma 
number density in the region of precipitation reaches a maximum, and from there connects 
to the main upward field-aligned current through the Pedersen current. Below 160 km, on 
the other hand, we see an upward field-aligned current filament at the edges of the particle 
precipitation region. The bottom panel of Figure 4.11 shows magnified plots of the adjacent 
region of the field-aligned current filament (i.e. between x =  —4 km and x =  0 km).
The physical mechanism of the field-aligned current filament at the steep edge of the 
precipitation region can be illustrated by the differences of the Alfven wave reflection on the 
two sides. The Alfven wave reflection in the ionosphere depends strongly on the Pedersen 
conductivity (i.e. the friction between ions and neutrals plays an important role). In the 
region of electron precipitation, the plasma number density in the lower ionosphere is much 
larger than outside, such that the Pedersen conductivity is greatly enhanced in the E and 
F-region of the ionosphere inside the precipitating area, which yields more efficient reflection 
of Alfven waves. As time proceeds, the increase of the plasma number density due to the 
precipitation (with a maximum at 160 km) extends the large Pedersen conductivity region to 
higher altitudes such that the Alfven wave in the precipitating region is reflected at higher 
altitudes. Figure 4.12 shows contour plots of the plasma number density, and Pedersen 
and Hall conductivities in the ionosphere. The difference of the Alfven wave reflection on 
the two sides of the edge of the precipitation generates an additional velocity as well as 
magnetic field shear which introduces the field-aligned current filaments right at the edge 
of the precipitation.
At altitudes above 160 km, more of the Alfven wave is reflected inside the precipitating 
region, where the Pedersen conductivity is higher, than outside. Since the reflection of 
Alfven waves increases the magnetic field perturbation (Zhu et al. [1999]), it follows that 
the magnetic field perturbation inside the precipitating region is larger than that outside
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Figure 4.12: Contour plots of the plasma number density (left), Pedersen (middle) and Hall 
(right) conductivities in the simulation of the field-aligned current with particle precipitation 
in teh vicinity of the upward FAC layer.
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and a magnetic field shear is formed at the edge of the precipitation region. The top panel 
of Figure 4.13 shows the magnetic field perturbation at the altitude of 250 km. We see the 
shear (gradient) of the magnetic field at the edge of the precipitation region (i.e. x =  — 2 
km and i  =  —10 km) with the larger value inside the precipitation region. These magnetic 
field shears are equivalent to two downward field-aligned current filaments.
On the other hand, at the altitudes below 160 km, since less of the Alfven waves pen­
etrate to this altitude inside the region of precipitation than outside, a shear of magnetic 
field perturbation in the opposite direction is formed at the edge of the precipitation re­
gion. So at these lower altitudes, an upward field-aligned current filament is formed at the 
edge of the precipitation region. The bottom panel of Figure 4.13 shows the magnetic field 
perturbation at the altitude of 132 km.
The lower portion of the upward field-aligned current filament can be also explained 
from the point of view of the enhancement of Pedersen conductivity inside the precipitation 
region. Since the large Pedersen conductivity inside the precipitation region extends up to 
higher altitudes, the corresponding Pedersen current which closes the field-aligned current 
also extends to higher altitudes. The continuity of current require that part of the Pedersen 
current outside the precipitation region at the lower altitudes has to go up to connect with 
the high altitudes Pedersen current inside the precipitation region (Figure 4.11).
4.3 Summary and discussion
In this chapter, I have presented some new, interesting and important results of the field- 
aligned currents and their effect in the ionosphere. These results indicate that the ionosphere 
is not just a passive recipient of the magnetospheric dynamics. It can play a very important 
or even a crucial role in the ionosphere-magnetosphere coupling system.
Field-aligned current layers are formed when sheared magnetic field perturbations in the
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Figure 4.13: M agnetic field perturbation at the altitude of 250 km and 132 km at the time 
of 6.15 s in the simulation of the FAC with particle precipitation in the vicinity of the 
upward field-aligned current layer. The magnetic shear is in the opposite direction at these 
two altitudes at the edges of the particle precipitation boundaries.
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magnetosphere propagate along the magnetic field lines (carried by Alfven waves) down to 
the ionosphere. Due to the high ion-neutral collision frequency in the lower ionosphere, the 
field-aligned currents are closed by the so called ionospheric Pedersen current in the lower 
E-region (around 120 km). The field-aligned currents are mostly carried by the electrons, 
while the closing Pedersen current is carried mainly by the ions.
Irregularities of the plasma number density and the associated ionospheric conductivities 
are found at the altitudes of the closing Pedersen current (lower E-region) as a result of 
the different plasma motion in the upward and downward field-aligned current layers. In 
the upward field-aligned current layer, the electrons move downward to the lower E-region 
of the ionosphere, while the ions that carry the Pedersen current, by the continuity law of 
the current, move towards the base of the upward field-aligned current layer, so that the 
plasma number density increases at the base of the upward field-aligned current layer due to 
the convergent motion of both the electron and ion particles. On the other hand, a plasma 
depletion is generated at the base of the downward field-aligned current layer because of 
divergent electron and ion motion. Consequently, the irregularity of the plasma number 
density changes the distribution of the Pedersen and Hall conductivities in the ionosphere.
The very low Pedersen conductivity at the base of the downward field-aligned current 
layer, due to the plasma density depletion, stops the closing Pedersen current from going 
into the central area of the downward field-aligned current layer. Hence as the density hole 
is getting deeper and larger, the downward field-aligned current layer is becoming wider.
The change of the conductivities in the ionosphere can strongly affect the ionospheric 
currents. The simulation of the FAC with particle precipitation added in the vicinity of 
the upward field-aligned current layer showed a very interesting result, i.e., the finite field- 
aligned current filament generated at the edge of the sharp particle precipitation boundary. 
This field-aligned current filament is not like the regular FAC that extends all the way
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down to the lower E-region of the ionosphere. It stops at a certain altitude depending 
on the characteristic parameters of the precipitation (about 160 km in this simulation) 
and connects to the main field-aligned current. The cause for this field-aligned current 
filament is the difference in the Alfven wave reflection across the boundary, because of 
the different plasma number density as a result of the particle precipitation. Moreover, at 
the altitudes below this field-aligned filament, another field-aligned current filament in the 
opposite direction is formed due to the different Pedersen conductivities on the two sides of 
the precipitation boundary.
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Tall Auroral Red Ray
A longstanding unresolved problem of auroral physics has been the formation of tall red rays 
in the ionosphere ( Stormer [1955] ). The formation of these rays requires the resolution 
of two problems: what causes the spatial structure and what is the energy source. Tail 
rays appear as luminous pencil-like beams that, if sufficiently bright, are usually red, the 
signature of the 0 (3P-lD) transition. The excitation threshold of 0 ( lD) is 1.96 eV, and at 
these high altitudes the excitation is caused primarily by collisions between ground state O 
atoms and electrons.
To be visible to the naked eye the rays require a luminosity of more than 5 kR. Assuming 
a line of sight thickness of 10 km, a luminosity of 5 kR (= 5 • 109 photons cm-2 s-1) 
in a steady state corresponds to an energy production rate inside the tube of about 104 
eV cm-3 s-1, corresponding to an energy deposition rate of about 0.1 eV per electron per 
second for an electron density of 105 cm-3.
In the non-sunlit atmosphere rays can extend as high as 600 km ( Stormer [1955]) where 
the atomic oxygen density, even during solar max conditions, is less than about 108 cm-3. 
One of the challenging problems is their relatively constant luminosity over a large altitude
76
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range compared to the neutral oxygen scale height.
In this chapter I examine the ohmic heating in field-aligned current sheets as the energy 
source for tall rays. The only dissipation mechanisms considered are classical collisions,
i.e., Coulomb and electron/ion neutral collisions. Since only classical collisions are invoked, 
derived heating and energy deposition rates represent a minimum and may be higher if 
turbulent processes contribute to the energization. Strong field-aligned currents are nat­
urally confined to small spatial regions or thin sheets, and are thus consistent with the 
limited horizontal size of tall rays. However, here I do not address the three-dimensional 
localization, which requires a 3D model.
5.1 Outline o f the simulation
The results presented were obtained with a two-dimensional simulation model ( Zhu et al. 
[1999] ) which was introduced in the previous chapter. The simulation is initiated by spec­
ifying a two-dimensional Alfvenic perturbation only at the upper boundary, from which 
point onward the self-consistent evolution of ionospheric structure and properties is com­
puted. The perturbation carries two field-aligned current layers into the ionosphere. The 
wave is partially reflected in the lower ionosphere and creates a downward and an upward 
field-aligned current. For most of the presented results I refer to a case where the current 
density in the upward field-aligned current reaches about 600 /iAm-2 after 4 seconds and is 
then kept approximately constant at a value of 600 to 650 /tAm-2. The downward current 
assumes an asymptotic value of about 500 /iAm-2. For comparison I have included two 
cases where the current densities have been reduced by 2/3 and 1/3, respectively, of these 
magnitudes. For the 3 cases the current densities and electron temperatures in the center 
of the upward current are plotted in Figure 5.1 as functions of altitude 8 seconds into the 
simulation.
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Figure 5.1: Current density (left) and electron temperature ( right) profiles in the center of 
the upward current layer 8 seconds into the simulation for the reference case (solid), a 2/3 
perturbation amplitude (dash-dotted), and 1/3 perturbation amplitude (dashed).
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I have considered whether runaway electrons can alter the fluid model results. Kinetic 
simulations indicate that this is negligible for the considered parameters. To produce run­
away, the electric force on an electron must be stronger than the frictional force due to 
Coulomb (and electron-neutral) collisions with the ambient plasma (and neutrals). To il­
lustrate this, consider only electron-electron collisions, and let a single test electron collide 
with a thermal (Maxwellian) electron background. Furthermore, assume that the test elec­
tron has a kinetic energy, Ek, which is much higher than the thermal energy, kT , of the 
background electrons (where k is Boltzmann’s constant), so that the thermal motion of 
the background may be ignored. Then the critical electric field, needed to overcome the 
frictional force, is
1 fi3 71Ec = —  ^ l n A — . (5.1)4tt eg Ek
where SI units are used, e is the elementary charge, eo the permitivity of vacuum, In A 
the Coulomb logarithm (accounting for Debye screening), and n the (background) electron 
density. Using typical parameters In A = 15, n =  10s cm-3, and Ek = 1 eV we get 
£ c « 4 x  10-5 V/m. By comparison, typical F-region electric fields, from Ohm’s law, 
are of order 10-6V/m with the current densities used in our calculation. Thus even in the 
energetic part of the electron population, the electric field needed to cause runaway is about 
10 times stronger than the actual electric field. A fluid model should therefore be adequate 
to compute the 0 ( lD) excitation rate.
5.2 Heating and energy balance
The cross section for the 0 ( LD) excitation starts at about 2 eV and becomes large at about 
3 eV. Thus a significant excitation of this state occurs only if there is a large number of 
electrons at these energies. In order to produce visible rays the energization of electrons
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has to be maintained at a rate of several 0.1 eV s-1 per electron at altitudes from 200 to 
500 km to pump oxygen into the excited state.
Figure 5.2 shows the electron temperature profile with altitude for the largest current 
density case in the up- and downward current regions for different times. While the initial 
temperature increase is similar in the two current layers the final temperature is significantly 
larger in the upward current. A second striking difference is the larger temperature gradient 
between 150 and 400 km altitude in the upward current compared to the downward current. 
The overall lower temperature in the downward current is partially caused by an increase of 
the E-region density at the base of the field-aligned currents ( Zhu et al. [1999] ). However, 
the different gradient in the temperature is generated also by a significant contribution from 
heat advection in the fast (60 km s-1) drifting electron fluid in the current as illustrated 
by the results of Figure 5.3. The figure shows all electron energy source and loss terms 
as a function of altitude for the results of Figure 5.2. The dominant source is ohmic 
heating (solid line). However, there is a significant contribution from heat advection due 
to the temperature gradient and the fast electron drift which is positive in the upward and 
negative in the downward current layer. In the altitude range from 300 to 400 km this 
contributes 0.3 to 0.4 eV s"1, almost half of the energy which is locally deposited. In the 
downward current the advective term is negative.
In the upward current the 0 ( lD) excitation maximizes at about 350 km altitude and 
becomes the dominant loss mechanism at this altitude and above. The 0 (LD) excitation 
is also significantly larger in the upward than in the downward current due to the larger 
temperature in the upward current layer.
The fairly steady temperature profile at lower altitudes is caused by increasing collision 
frequencies with decreasing altitude. They imply a shorter charcteristic time scale at lower 
altitudes for the relaxation to a steady temperature. Here source and loss terms are reason-
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Figure 5.2: Electron temperature profiles for the reference case at increasing times in the 
center of the upward (left) and downward current (right).
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Figure 5.3: Source and loss terms in the electron energy at t =  8 seconds for the up- (left) 
and downward (right) currents. Shown are: the sum (heavy solid), ohmic heating (solid), 
advection (long dashes), heat conduction (dash double dotted), precipitation with charac­
teristic energy 1.5 keV and a flux of 10 mW m-2 (medium dashes), cooling by Coulomb 
collision (dotted), cooling by 0 ( lD) excitation (dash-dotted), and all other electron-neutral 
cooling terms (short dashes).
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ably balanced after 8 seconds. The temperature obviously has not reached a steady state 
in the upward current above 400 km altitude.
The energetic electron precipitation is included in the simulation only to maintain the 
plasma density by ionization at E-region altitudes. This term, loss by Coulomb collisions, 
and heat conduction are of minor importance for the altitude range and time scale of 
interest.
Using the derived excitation rates ( Rees and Roble [1986] ), Figure 5.4 illustrates the 
luminosity for steady state emission conditions. Note that the half life of the 0 ( lD) state is 
about 100 seconds. Thus heating for about 10 seconds yields roughly 10% of the luminosity 
shown in Figure 5.4. Similarly twice the column thickness gives twice the luminosity. Figure 
5.5 shows the luminosity for steady state emission conditions for the large field-aligned 
current layer case in contour plots.
Over the altitude range from 250 km to about 450 km the emission rate stays above 
50% of its maximum value, consistent with the altitude range for tall auroral rays which is 
much larger than for ordinary aurora. The decrease of neutral density in this altitude range 
is in part compensated by the increasing electron temperature. The rapid increase of the 
luminosity from 150 to 250 km is caused by the increase in temperature and quenching of 
the emission at lower altitudes. The decrease at high altitudes is caused by the exponential 
decrease of the neutral density and to a lesser extent by the decrease of the electron density. 
The excitation rate and the luminosity in the downward current (right plot in Figure 5.4) 
is smaller by a factor of 5.
For comparison the thin dotted line in Figure 5.4 (left) illustrates the luminosity from 
precipitation with a low characteristic energy (250 eV) and an energy flux of 40 mW m-2. 
The result demonstrates that much higher precipitating energy fluxes are necessary to obtain 
a similar magnitude for the luminosity. The altitude range of the luminosity caused by
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Figure 5.4: Redline emission in Rayleighs assuming steady emission conditions and a column 
width of 10 km for different cases. Dotted and dashed lines with increasing maximum 
luminosity correspond to 2, 4 and 6 seconds and the solid line to 8.2 seconds. Plots (a) 
and (b) are in the center of the upward and downward large field-aligned current (650 nA 
m-2) layers. Plot (c) is in the center of a smaller upward current layer (400 fiA m~2). Plot 
(d) represents the luminosity from a precipitation of 40 mW m~2 with a low characteristic 
energy of 250 eV. The red vertical line indicates the 5 kR threshold for visible brightness.
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Figure 5.5: Contour plots of auroral red line emission (left) assuming a steady emission 
conditions and a column of 10 km and the electron temperature (right) in the simulation 
of large field-aligned current (about 650 /iA m-2) layers.
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precipitation is narrower.
5.3 Summary and discussion
The results presented in this chapter demonstrate the efficiency of local energy deposition 
(in the upper F region ionosphere) by ohmic heating in field-aligned current layers. The 
energy deposition rate can be several 0.1 eVs-1 per electron for current densities of several 
100 ^Am-2.
For tall red auroral rays a high oxygen density is necessary to deposit the available energy 
in the O^D) state. I used a hot neutral atmosphere (Teio =  1300 K) to provide sufficient 
density at high altitude. This is consistent with Stormer’s observation that these rays occur 
during solar maximum conditions. For our brightness estimates we used conservative values 
by requiring sufficient excitation to produce visible brightness from a 5-10 km long slant 
path through the ray. Stormer detected many of the tall red rays only after he started 
to use a particularly red sensitive film, indicating that tall rays are often sub-visual. Our 
results show that the brightest tall rays require that the oxygen is exposed to the heated 
electron gas for several tens of seconds.
Our model does not require that the high field-aligned current densities remain in exactly 
the same location for this time. Large field-aligned current densities are indicated by various 
observations ( e.g., Stasiewicz et al. [1998]; Lanchester et al. [1997]), but such currents would 
have a rather small width (few 100 m to 1 km) and move on average with considerable 
velocity (1 km s~l) such that plasma is typically only exposed for a fraction of a second to 
the ohmic heating. Repeated exposure of a c o lu m n  of oxygen for sufficient time will have 
an integrating effect because of the long radiative lifetime of 0 ( LD) of 100 s. The motion of 
the current layers need not be u n ifo rm  and parts may stay in one location for a considerable 
time, folds may develop, or multiple current layers may intersect the same volume of the
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thermosphere at different times, and thus contribute to the ray-like appearance of the 
resulting aurora. This structural aspect of rays requires a three-dimensional model. Note 
that after sufficient pumping the red-line emission is from the decay of the excited neutral 
oxgyen and therefore is basically motionless compared to ordinary discrete aurora.
A main limiting factor for the energy deposition is the Coulomb collision cross section. 
The deposition decreases strongly with increasing temperature. This is expected to change 
if turbulent plasma processes driven by large electron drifts play a role. I note that the high 
current density and the considered initial plasma properties do not satisfy the onset condi­
tion for ion acoustic turbulence. The final states, however, with high electron temperatures, 
are ion acoustic unstable. Turbulent processes can enhance the effective collision frequencies 
vastly, thereby causing much higher energization rates ( e.g. Sagdeev and Galeev [1969]; Pa- 
padopoulos [1977]; Treumann and Baumjohann [1997] ). Here I intended to determine the 
electron energization in field-aligned currents based on well established classical collisions. 
They demonstrate that Coulomb collisions alone can increase the electron temperature to 
well above 10,000 K in narrow regions within a few seconds.
The 0 ( lD) excitation rate decreases exponentially with decreasing electron temperature 
and is proportional to oxygen and electron number density. However, for very large electron 
number densities, the energy deposition per particle is lower, implying lower temperatures. 
For low electron number densities the obtained temperatures are higher, but limited due 
to the Coulomb cross section, such that the flux of sufficiently energetic electrons decreases 
with decreasing number density. The total 0 (1D) excitation maximizes for electron number 
densities of about 10s cm-3.
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Chapter 6
Ionospheric Conductivies
Ionosphere conductivities are very important in the study of the coupling between iono­
sphere and magnetosphere. As we have seen in chapter 4, the change of conductivities in 
the ionosphere strongly affects the current flows in the ionosphere and can even generate new 
field-aligned current filaments at boundaries where the Pedersen conductivity has a strong 
gradient. Using ionospheric conductivities, we can express the current in the ionosphere as:
j  =  ct-E (6.1)
where
/ crP - O H 0^
a  = OH o p 0
0 OQJ
The three conductivity parameters <rp, crp and cro are called Pedersen, Hall and parallel 
conductivities, respectively. Here, we are interested only in the Pedersen and Hall conduc­
tivities which are associated with the horizontal components of the electric field and the 
current.
88
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In this chapter, I will first briefly go through the derivation of the commonly used 
Pedersen and Hall conductivities. After the introduction of the basic idea of the ionospheric 
conductivities, more discussion will be focused on the height integrated ionospheric current. 
The height integrated ionospheric current calculated from the real simulation current (i.e. 
j =  V x B) is compared to the current computed from the ionospheric electric field and 
the height integrated Pedersen and Hall conductivities. Finally, the effect of the electron 
pressure gradient on the height integrated ionospheric current is also discussed. Before 
looking at these conductivities, I would like first to take a look at the ionospheric electric 
field (i.e., contributions from different terms in the generalized Ohm’s law).
6.1 The electric field in the ionosphere
The generalized Ohm’s law in the lower ionosphere is obtained from the electron momentum 
equation by ignoring the inertia term:
0 =  — Vpe -  ne(E + ve x B) -  nmet'eflve -  nmeuei{1f e -  v,) (6.3)
Here, for simplicity, the neutral velocity is assumed to be 0. We can rewrite this equation 
as:
E = ——Vpe + v e x B + qj — ~~~~ v,' (6.4)ne e
Where j  =  n e ( v j - v e ), and r) =  ^fr(«'en + *'et) is the resistivity with and vei the electron- 
neutral and electron-ion collision frequencies, respectively. These four terms contribute to 
the electric field. Although the electron-neutral collision frequency in the lower ionosphere 
could be very high (above 104 s-1), it is still much smaller than the electron’s gyro-frequency 
(about 106 s-1). So the v e x B term is dominant over the collisional terms ry and mtgMv,. 
The remaining question is whether the electron pressure gradient term is also negligible.
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Figure 6.1 shows the simulation results of the contributions from all the four terms in 
equation 6.4 to the x  component of the electric field. This is from the simulation of the 
field-aligned current with particle precipitation localized in the vicinity of the upward field- 
aligned current from x  =  — 2 km to z  =  —10 km (Figure 4.12). We see that at x  =  —1.89 
km. where we have a large electron pressure gradient in the x direction, there is some 
contribution from the electron pressure gradient term to the x  component of the electric 
field, although it is not large compare to the contribution from the ve x B term. Another 
aspect to notice is the non-constant electric field (with altitude), and thus the magnetic 
field lines are not equal potential lines.
6.2 Ionospheric conductivities
The ionospheric conductivities (Pedersen and Hall conductivities) are derived under the 
steady state assumption. For simplicity, I consider one species of ion and assume charge 
neutrality (i.e. nc =  ni). I also assume vn =  0 because we can always transfer the electric 
field into the moving neutral frame. As I mentioned above, the electron pressure gradient 
term has certain contributions to the electric field, but it is relatively small compared to 
the main contribution from the ve x B term. For the moment, in deriving the ionospheric 
conductivities, we just ignore both electron and ion pressure gradient terms in the electron 
and ion momentum equations. I will discuss the influence of the electron pressure gradient on 
the ionospheric current in the section considering the height integrated ionospheric current. 
In the lower ionosphere, we can also neglect gravity as well as the Coulomb collision terms 
because they are much smaller than the dominant terms ( i.e. the electric force, Lorentz 
force and plasma-neutral collision terms). The ion and electron momentum equations, in
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Figure 6.1: Contribution from different terms to the electric field at the location of large 
electron pressure gradient. There is a sharp electron number density gradient at x = — 2 
km, i.e. the boundary of particle precipitation.
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steady state (i.e. ignore the inertia terms), can then be written as:
0 = ne(E +  Vj x B )  -  nrriii/inVi (6.5)
0 = -ne(E  +  ve x  B )  — nme% v e (6.6)
From equations (6.5) and (6.6), the ion and electron velocity components parallel to B  are:
Vi|| =  —^— E,| (6.7)
1 TUiUin 1
and
Ve|| = -----   E|| (6.8)
" rne I/en 1
Taking the cross product of equations (6.5) and (6.6) with B  and eliminating the terms of 
Vi x  B  and ve x B ,  respectively, yields
Vi = —-—E,| + 1  ■ y  (i/<nEx -  t^eib x  E) (6.9)
mil/in 1 B u ^  +  yfn
and
ve = -----— ]E|| -  1  3 (t/enEx + 0>ceb X  E) (6.10)meum 1 B v*e +  vin
Where b is a unit vector in the direction of B ,  and uice are ion’s and electron’s gyrofre-
quencies, respectively, that are defined by
Wei = —  (6.11)TTli
and
<*>ce =  —  (6.12)T7lg
Now, using j =  ne(vi — v e ), we have
j  =  a0E|| 4- <rpE± +  <thb x E  (6.13)
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Where <tq, <rp, and ap  are the so called parallel, Pedersen and Hall conductivities given by
Remember that the above derivation is for the lower ionosphere, where we ignored the 
Coulomb collision between ions and electrons. For higher altitudes where we cannot ignore 
the Coulomb collisions, a small correction should be made to the parallel conductivity.
ion as well as electron temperatures, they change with time according to the change of the 
space weather environment (i.e. the neutral density and temperature and ion as well as 
electron density and temperature). Figure 6.2 shows a typical conductivity profiles for the 
mid-latitude ionosphere Johnson [1961].
Figure 6.3 shows the ionospheric conductivity profiles from one of the simulation results, 
the simulation of the field-aligned current layers with particle precipitation localized in the 
vicinity of the upward field-aligned current layer (chapter 4).
ne2 ne2 (6.14)<70 = --------- 1--------
mevm miVin
(6.15)
(6.16)
The horizontal components of the current, j x  and j y  (assuming b is in z direction), can 
then be calculated by
j x  =  & p E x  —  O f f E y (6.17)
and
j y  =  <j h E x  +  a p E y (6.18)
(6.19)
Since ionospheric conductivities are proportional to plasma number density and also depend 
on the ion-neutral and electron-neutral collision frequencies that are strongly related to the
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Figure 6.2: Typical conductivity values for the mid-latitude ionosphere. Notice that the 
value for Pedersen and Hall conductivities are multiplied by 10®. [From “Satellite Environ­
ment Handbook,” edited by F. Johnson (1961).]
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Figure 6.3: Ionospheric conductivity profiles in the center of the upward field-aligned current 
layer where a particle precipitation with characteristic energy of 250 eV and energy flux of 
40 m W /m 2 is added.
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6.3 Height integrated conductivities
Ionosphere-magnetosphere coupling is a rather complicated problem. To address this prob­
lem, one usually needs to make assumptions depending on where the emphasis is, i.e. 
whether it is in the magnetosphere (large scale) or in the ionosphere (small scale). It 
also depends on the time scale of a given problem. For instance, because of the collisionless 
property of the plasma in the magnetosphere, charged particles are frozen in the magnetic 
field. Magnetic field lines for collisionless plasma are at equal potential such that the electric 
field along the magnetic field line is constant. Based on this idea, several global (large) scale 
magnetosphere-ionosphere coupling models have been developed (e.g. Raeder et al. [1996]; 
Raeder et al. [1998]; Spiro et al. [1981]; Reiff et al. [1981]; Wolf [1975]; and Wolf et al. 
[1982]). Under the assumption that the magnetic field lines are equal potential, all these 
large scale models map the electric field in the magnetosphere down to the ionosphere so 
that they can use the height integrated conductivities to calculate the ionospheric currents 
and the resulting coupling. Implicit in the boundary condition these large scale models also 
use a steady state assumption, i.e., their time scale is longer than the Alfven wave bounce 
time in the ionosphere-magnetosphere system.
If the electric field is constant with altitude (assumed by many global magnetosphere- 
ionosphere coupling models such as Raeder et al. [1996]; Spiro et al. [1981]; Reiff et al. 
[1981]; and Wolf et al. [1982]), we can integrate the equation (6.13) along the magnetic field 
line and obtain the horizontal component of the height integrated current as
Jx  =  J dz(<rpEx + crffb x E)
=  E/>Ex -+- Effb x E (6.20)
Where Ep =  /  crpdz and E# = f  agdz are the height integrated Pedersen and Hall con­
ductivities, respectively.
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These large scale models are qualitatively good to solve problems with large scale struc­
tures such as the plasma convection motion in the magnetosphere-ionosphere system. In 
solving this kind of problem, they treat the ionosphere as a boundary layer. Thus they 
do not pay attention to the detailed structures within the ionosphere. But the height in­
tegrated ionospheric current in equation (6.20) is not sufficient because one also needs to 
consider the average over time and horizontal spatial scales. For a correct description of the 
large scale (and slowly varying) Jx , global models require the properly averaged (in time 
and space) height integrated ionospheric conductivities, i.e.:
•t+TO  r x + L x- I 1 [X+Lz j  T
J i  = n i : l  d t J,  d lJ j -
1 1 r t+ T ° r x + L x  r  "
= dt J  da: J  dz(opEj_ 4- 07/b x Ex)
=  EpEx -F Sffb x Ex (6-21)
where, To and Lx are typical time and horizontal spatial scales, respectively. So for a correct 
description of the large scale (and slowly varying) Jx , global models require the properly 
averaged (in time and space) height integrated ionospheric conductivities. From equation 
(6.21), the height integrated Pedersen conductivity is given by:
f  frpEj-d*)*)* (6-22)Ex J
However, in the study of the fast temporal and small spatial scale ionospheric structures 
such as the discrete aurora, the assumption that the magnetic field line is at equal potential 
does not apply because the plasma, especially ions, in the lower ionosphere are highly 
collisional. Due to the resistivity the parallel component of the electric field (E||) is no longer 
zero. So the electric field is not constant along the magnetic field line in the ionosphere 
(Figure 6.1). Furthermore, the time scale for discrete aurora is only a few seconds or even 
less. The structure of dynamic auroral arcs usually changes in a short time period.
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Can we still use the ionospheric conductivities to calculate the ionospheric currents al­
though the ionospheric conductivities are defined for the steady state assumption? The 
answer is yes for most cases, because ionospheric conductivities are actually a measure of 
the plasma-neutral collision frequencies. The Pedersen and Hall conductivities get their 
maximum values at the lower ionosphere (about 120 km) and drop very rapidly with alti­
tude. At the altitude where the Pedersen and Hall conductivities are most effective, the 
ion-neutral and electron-neutral collision frequencies are very large, higher than 104 s-1. 
The time scale for these collisions is less than 10-4 seconds, which can set the lower iono­
sphere into equilibrium in a time much shorter than the typical time scale for the small 
spatial scale structure in the ionosphere. Figure 6.4 shows contour plots of the ionospheric 
current (jx and j y) from the field-aligned current simulation results (the top panel) which 
is calculated by using j  = V x B, and the Pedersen and Hall current (the bottom panel) 
computed from the electric field and ionospheric conductivities by using equation (6.17) and 
(6.18), at the simulation time of 4.1 s. The Pedersen conductivity op and Hall conductivity 
ap  are calculated by using the parameters (i.e., electron number density, electron tempera­
ture, magnetic field, etc.) from the simulation. If we overlap the top and the bottom panels, 
the two results are almost identical.
Since we can use the ionospheric conductivities, can we also use the idea of height 
integrated conductivities to compute the height integrated ionospheric current? If we can, 
then to what altitude should the height integration of the ionospheric conductivities extend? 
And, to calculate the ionospheric current, what electric field should be used? Should it be 
the electric field in the magnetosphere or the one in the ionosphere? I have investigated 
this problem with my three fluid time-dependent ionospheric model which is an excellent 
tool to address this problem.
Let us first look at a simple example, i.e. the simulation without particle precipitation
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Figure 6.4: Contour plots of current for j x and j y (the top panel) from the field-aligned 
current simulation results (derived from j  =  V x B), and the Pedersen and Hall current 
(the bottom panel) computed from the electric field and ionospheric conductivities, at the 
simulation time of 4.1 s.
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which is mentioned in chapter 3. Figure 6.5 shows the electric field (left) and ionospheric 
conductivity (right) profiles at x =  0 km (i.e. outside the current layers) at the time 
t = 1.026 s (top) and t =  4.1 s (bottom) of the simulation. The ionospheric conductivity 
profiles at these two times are actually the same because there is no particle precipitation 
in this case and the effect of the recombination processes is not obvious in such a short 
time. The amplitude of the electric field (Ex) increases from 5 m V/m  at t =  1.026 s to 
more than 10 mV/m  at t = 4.1 s. Noticing that in this case, it is not easy to distinguish the 
contributions from different source terms because the ve x B term is absolutely dominant 
over all other terms and in the plots is overlapping the total value of Ex. All other terms 
are actually lined along the zero line.
We can now compute the height integrated current, i.e. integrate the current density 
from the simulation (obtained by j =  V x B) along the magnetic field line (altitude), and 
compare it with the ionospheric current calculated from the electric field and the height 
integrated ionospheric conductivities. To do this, we first need to determine to what altitude 
the integration should extend, and because the electric field obviously is not constant along 
the magnetic field line, we also need to determine which value of the electric field (at what 
altitude) to use. The idea of the large scale models, i.e., to map the electric field in the 
magnetosphere into the ionosphere, using the electric field in the magnetosphere (at the top 
boundary), seems unreasonable. The original concept of the height integrated conductivities 
was to assume that the electric field (Ex) in the ionosphere does not change much ( Nishida 
[1978] ). So we should use the value of the electric field in the ionosphere.
Figure 6.5 demonstrates that the Pedersen as well as Hall conductivities drop to very low 
values at altitudes above 200 km (less than 1% of their maximum value at about 120 km). 
So it is safe to extend the integration to 250 km. Both Pedersen and Hall conductivities 
have large values in the lower ionosphere (below 120 km), and it appears that the electric
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Figure 6.5: Contribution from all terms in generalized Ohm’s law to the x component of 
the electric field (left) and the ionospheric conductivity profiles (right) in the field-aligned 
current layers simulation mentioned in chapter 3 at the location of x  =  0 km (i.e. outside 
the current layers) at the time t ~  1.026 s (right after the Alfven wave reflection) (top 
panel) and t — 4.1 s (bottom panel).
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field below 120 km is also relatively constant. Thus it is reasonable to use the value of 
the electric field near the lower boundary (below 120 km). The plots in Figure 6.6 show 
comparisons between the height integrated current directly calculated from the simulation 
results (i.e. integrating j  =  V x B  along the altitude up to 250 km) (solid lines) and the 
current obtained from the electric field and the height integrated ionospheric Pedersen as 
well as Hall conductivities by using equation (6.20) (dashed lines). The electric field used 
here is the value at the altitude of 116 km. The plots in the top panel are at the simulation 
time of 1.026 s, shortly after the Alfven wave is reflected at the lower boundary. The 
bottom panel is at t =  4.1 s. The solid lines are the results directly from the simulation (i.e. 
integrating j  =  V x B along the magnetic field line) and the dotted lines are the results 
derived from the electric field and the height integrated ionospheric conductivities. The two 
results agree quite well.
For comparison, Figure 6.7 shows the same plots as Figure 6.6 but using the electric field 
at the altitude of 250 km (instead of the value at 116 km) in calculating the ionospheric 
current from the height integrated ionospheric conductivities. Since the electric field is 
not constant along the magnetic field line, the result is not the same as shown in Figure 
6.6. The ionospheric current calculated from the ionospheric conductivities by using the 
electric field at the altitude of 250 km does not agree well with the real height integrated 
ionospheric current from the simulation. Using the result from Figure 6.6, the error in the 
current densities computed from the height integrated conductivity is approximately equal 
to the ratio of the electric field assumed as input for equation (6.20) and the electric field 
at the altitude of 116 km. In Figure 6.5, we see that electric field in the magnetosphere 
(i.e., at the top boundary) is about five and two times as large as its value in the lower 
ionosphere at times t =  1.026 s and t  =  4.1 s, respectively. If we use the electric field in 
the magnetosphere (top boundary) to calculate the height integrated ionospheric current
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Figure 6.6: Comparison between the height integrated ionospheric current from the simu­
lation results and the current calculated from the electric field at 116 km and the height 
integrated ionospheric conductivities. The top panel is at t =  1.026 s, shortly after the 
Alfven wave is reflected at the lower boundary. The bottom panel is at t  =  4.1 s. The solid 
lines represent the results directly from the simulation, i.e. integrating j  =  V x B along the 
magnetic field line, and the dotted lines are the results obtained from the electric field and 
the height integrated ionospheric conductivities
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Figure 6.7: Comparison between the height integrated ionospheric current from the simula­
tion results and the current calculated from the height integrated ionospheric conductivities 
by using electric field at 250 km. The solid lines represent the results directly from the sim­
ulation, i.e. integrating j  =  V x B along the magnetic field line, and the dotted lines are the 
results obtained from the electric field and the height integrated ionospheric conductivities.
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(as people did in most global scale ionosphere-magnetosphere coupling models), the results 
can be much worse.
Let us consider another example. This is the simulation of the field-aligned current 
with particle precipitation added in the vicinity of the upward field-aligned current layer 
(Chapter 4). The characteristic energy and energy flux of the precipitation are 250 eV and 
40 mW/m2, respectively. In this simulation, there is a strong electron pressure gradient at 
the two sharp precipitation boundaries, i.e. at x =  — 2 and x =  —10 km. As mentioned 
above, the derivation of the ionospheric conductivity has ignored the pressure gradient 
terms in both the ion and electron momentum equations. This is the usual way to derive 
the ionospheric conductivities, and it makes the derivation much easier. Here I want to 
clarify the role and influence of a large horizontal plasma pressure gradient on the integral 
horizontal currents computed with the height integrated conductivity.
Figure 6.8 shows the electric field and conductivity profiles at x = -1.89 km, which is 
close to the sharp precipitation boundary at x = —2 km. The top panel is at the simulation 
time of t = 1.026 s and the bottom panel is at t = 4.1 s. Notice that at both t =  1.026 s and 
t = 4.1 s, there is a contribution from the electron pressure gradient to the electric field. 
The Pedersen and Hall conductivities at the lower ionosphere increase to higher values at 
t =  4.1 s, although it is not easy to see in the scale of this plot.
Figure 6.8 shows that the electron pressure gradient does have a certain contribution 
to the electric field, even though it is not large. Since the derivation of the Pedersen and 
Hall conductivities does not include the pressure gradient terms, i.e., these conductivities 
cannot reflect any effect from the electron pressure gradient, we need to verify whether the 
contribution from the plasma pressure gradient terms has a severe impact on the calculation 
of the ionospheric current. Let us first look at the ion and electron momentum equations 
with the plasma pressure gradient terms. When the ion pressure gradient term is included,
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Figure 6.8: Contribution from all terms in generalized Ohm’s law to the x component of 
the electric field (left) and the ionospheric conductivity profiles (right) in the simulation of 
field-aligned current layers with particle precipitation in the vicinity region of the upward 
field-aligned current layer (chapter 3). All the plots are at the location of x =  1.89 km 
(where the electron pressure gradient is large). The top panel is at the time t  =  1.026 s 
(which is right after the Alfven wave reflection). The bottom panel is at t  =  4.1 s.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
107
equation (6.9) can be rewritten as
Vi =  — —^ E|| 4- 1  2?  2 (^nE -L ~  w« b  x  B) mil/in 1 Bui^ + ufn
  ---- 2~~~2~ (-*> x VPi + —  VPi) (6.23)nm ic^  +  i& V  /
Similarly, the electron velocity equation (6.10) can be rewritten as
v e = ----------- Ell — —  —2— p - 2- (^ewEi +  ulceb  X E )
me^en " +
— -— r r h r  x v p< + —  v p«) (6-24)nme a|2fi + u&t \  Ulce J
There are two terms in the electron velocity equation that are related to the electron pressure 
gradient. One is the Hall-like term (i.e. b x Vpe), and the other is the Pedersen-like term
(^■Vpe). Since the electron gyrofrequency uice is much larger the the electron-neutral
collision frequency um in the ionosphere, we can ignore the Pedersen-like term. Since both 
the electron and ion motions contribute to the current, we need also to verify the importance 
of the ion pressure gradient terms. The ratio of the coefficient in front of the ion pressure 
gradient terms to the one in front of the electron pressure gradient term is
, ,2 , ,2 i ..2
c i ce  +  u en
(j?- -f- I£ oSi.ci ' m ce
Since uice 3> in. the ionosphere, the ratio is
, .2
W2. +  u2 
“ 'c i ‘ in
The maximum value of this ratio is 0.5 at the altitude when uid =  U{n. In the lower 
ionosphere, we have uid mn, while at high altitude, it is the opposite, i.e. uid ^  Km but 
both cases make the ratio much less than unity. This means that the height integrated effect 
of the ion pressure gradient is negligible compared to the contribution from the electron 
pressure gradient. So the only large influence of the plasma pressure gradient terms on the
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ionospheric current is from the Hall-like term b x Vpe. In the simulation, Vpe =  the 
Hall-like electron pressure gradient term contributes to the y component of the ionospheric 
current.
Figure 6.9 shows the comparison of the height integrated ionospheric current calculated 
from the integration of the real simulation current (i.e. j = V x B) and the ionospheric 
current derived from the electric field and the height integrated Pedersen as well as Hall 
conductivities. The top panel is at time t =  1.026 s, and the bottom panel shows the results 
at t = 4.1 s. Again, the solid lines are the height integrated real simulation currents, and 
the dotted lines represent the ionospheric currents calculated from the height integrated 
ionospheric conductivities and using the electric field at the altitude of 116 km. We see that 
the two results agree well in the x  component, which is associated with Pedersen current. 
But in the y component (Hall current), the real height integrated current shows big spikes 
right at the two sharp precipitation boundaries (in agreement with my estimate), while the 
current calculated from the height integrated conductivities and electric field does not show 
any change related to the large electron pressure gradient. Other than the big spikes at 
the two sharp precipitation boundaries, the two results of the y component of ionospheric 
current agree very well in other locations.
6.4 Summary and discussion
I have investigated the ionospheric electric field, Pedersen and Hall conductivities, and the 
height integrated ionospheric current in this chapter. The main results are:
(1) The simulation results show that on short time scale (a few seconds), the electric 
field in the ionosphere in not constant along the magnetic field line. But if the plasma 
convection in the magnetosphere is steady such as the simulation examples shown in this 
chapter (i.e. the plasma velocity perturbation is fixed at the top boundary of the simulation
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Figure 6.9: Height integrated ionospheric current for the field-aligned current simulation 
with particle precipitation added in the vicinity area of the upward field-aligned current 
layers. The solid lines represent the results directly from the simulation, i.e. integrating 
j  =  V x B along the magnetic field line, and the dotted lines are the results obtained from 
the electric field (at 116 km) and the height integrated ionospheric conductivities. The top 
panel is at t =  1.026 s, and bottom panel is at t  =  4.1 s.
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box), as time goes on, the ionospheric electric field has the tendency to increase its value 
to bring it closer to the electric field in the magnetosphere. That is the reason why in large 
scale and steady state magnetosphere-ionosphere coupling models one can map the electric 
field in the magnetosphere down to the ionosphere. The electron pressure gradient term 
has some contribution to the electric field in the region of large electron pressure gradient, 
although it is relatively small compared to the contribution from the ve x B term.
(2) The ionospheric conductivities (i.e. Pedersen and Hall conductivities) are derived 
in the usual simplified way, i.e., ignoring all the terms associated with inertia, pressure 
gradient, and gravity, and assuming one species of ion and the charge neutrality.
(3) To calculate the height integrated ionospheric current by using the height integrated 
conductivities and the electric field, we should use the electric field at the lower ionosphere, 
i.e., below 120 km. The integration needs not to be extended higher than 250 km.
(4) The height integrated ionospheric current calculated from the height integrated 
Pedersen and Hall conductivities (derived in the usual way) and the lower ionospheric 
electric field agrees with the height integrated ionospheric current computed from the real 
simulation current (i.e. j  =  V x B) if there is no large electron pressure gradient.
(5) The large electron pressure gradient has a Hall-like contribution to the ionospheric 
current, but has little influence on the Pedersen current.
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Conclusion
The problem of the ionosphere-magnetosphere coupling processes has been studied for many 
years. Several global (large scale) models have been developed to study the magnetosphere- 
ionosphere coupling with emphasis on the magnetospheric physics (e.g. Raeder et al. [1996]; 
Raeder et al. [1998]; Slinker et al. [1999]; Lyons [1998]; Kan [1993]; Papadopouios [1977]; 
Spiro et al. [1981]; Reiff et al. [1981]; Wolf [1975]; and Wolf et al. [1982]). These global 
models consider a large scale and averaged magnetosphere-ionosphere coupling, such as the 
coupling of the magnetospheric convection motion into the ionosphere at a time scale much 
longer than the Alfven wave bounce time in this system. Although some researchers have 
emphasized the effect of the ionosphere in the coupling between the ionosphere and the 
magnetosphere (e.g. Atkinson [1970]), it seems that the only aspect of this coupling which 
is widely accepted is the role of the ionosphere in supplying plasma to the magnetosphere. 
Recent research and observations have shown that the ionosphere is not merely a passive 
recipient of the magnetospheric dynamics (e.g. Newell [1998]). The ionosphere can be very 
important and sometimes even plays the crucial role in the ionosphere and magnetosphere 
coupled system.
I l l
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There are ionospheric models which focus on vertical transport and therefore are one­
dimensional, i.e., they treat the altitude dependence of the relevant transport property (e.g. 
Lummerzheim and Lilensten [1994]; Link [1992]; Strickland et al. [1976]; Nagy and Banks 
[1970]; Mantas [1974]; Lanchester et al. [1997]; and Lanchester et al. [1998]). Others axe 
large scale ionospheric convection models (e.g. Roble and Rees [1977]; Fuller-Rowell and 
Rees [1980]; Sojka [1989]; Schunk [1988]; Roble et al. [1987]; and Maurits and Watkins 
[1996]) that determine convection by a steady state ion momentum equation. These large 
scale models cannot deal with the small spatial structure such as the discrete auroral arcs, 
and since they neglect the ion inertia term in the ion momentum equation, they cannot 
resolve the Alfven wave propagation in the system which is so important in the study of 
the ionosphere-magnetosphere coupling. Therefore they cannot resolve the small scale time 
dependent ionosphere dynamics. The study in this thesis is focused on small spatial (~ 1-10 
km) and fast temporal (less than 10 seconds) ionospheric phenomena such as the discrete 
auroral arcs. The two dimensional three-fluid model used in my thesis is tailored to this 
study.
7.1 The two-dimensional three-fluid ionosphere-magnetosphere 
coupling model
Starting with the three-fluid model (ion, electron, and neutral dynamics) originally de­
veloped by Birk and Otto [1996], I have improved it to a more realistic, dynamic, and 
quantitative ionospheric model. The model uses the force balanced hydrostatic neutral at­
mosphere profiles from the MSIS model (Hedin [1991]), depending on the solar condition 
as the initial setting, and then simulating the small scale ionosphere-magnetosphere cou­
pling processes by using a full set of neutral, ion and electron electromagnetic dynamic
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equations. The model includes ionization and recombination processes, the Hall term in 
Ohm’s law, various heat sources in the energy equations that enable it to compute the 
ionospheric heating of the plasma by different mechanisms, such as the ion heating by 
the ion-neutral friction, electron heating by particle precipitation, and electron heating by 
ohmic dissipation. The plasma-neutral contact effects that cool the plasma are also in­
cluded. The electro-dynamic response and the evolution of the collision frequencies are 
treated self-consistently in the height resolved ionosphere, such that the model can resolve 
the dynamic change of the ionospheric conductivities (Pedersen and Hall) and investigate 
the effect of the ionospheric conductivity change in response to the ionospheric current. The 
inertia term in the ion momentum equation enables the model to simulate the propagation 
of Alfven waves along the magnetic field lines and the evolution of the field-aligned current 
layers in the ionosphere-magnetosphere system.
This model is the first and to our knowledge the only simulation model that can resolve 
the dynamic and nonlinear electromagnetic interaction between the ionosphere and the 
magnetosphere. The interesting and important results from the simulation using this model 
will be summarized in the following section.
7.2 Main results
I have obtained some very interesting and important new results such as the ion and electron 
heating in the ionosphere, the effects of the field-aligned current in the ionosphere, tall 
auroral red rays generated by large field-aligned current layers, and the influence of the 
electron pressure gradient on the height integrated ionospheric current. All these results 
will help us to have a better understanding of the role of the ionosphere in the ionosphere- 
magnetosphere coupling processes.
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7.2.1 Ionospheric heating
The three-fluid model used in this work is unique in simulating the ion and electron heating 
processes in the ionosphere. It includes particle precipitation as well as recombination 
processes, calculates the collision frequencies between the plasma and neutral (</,-„ and i/m ) 
self-consistently, and allows Alfven waves to propagate in the ionosphere-magnetosphere 
system which enables the computation of the time evolution of the field-aligned current.
The evolution of the ion temperature as a function of height is determined by the 
following equation:
^  =  - u n[a(V - v n)2 - ( T - T n)} (7.1)
where T  is ion temperature, Tn is neutral temperature, vn is effective ion-neutral collision 
frequency, a  a constant, v and vn are ion and neutral velocities, respectively. When the 
Alfven wave propagates from the magnetosphere into the ionosphere, it sets the ion in the 
ionosphere in motion. This ion motion together with the large ion-neutral collision frequency 
rapidly heats the ions in the lower ionosphere. The reflection of the Alfven wave reduces the 
ion velocity in the incoming wave which lowers the ion heating rate in the lower ionosphere. 
At the same time, the ion-neutral contact with the large ion-neutral collision frequency in 
the lower ionosphere strongly cools the ions at lower altitudes so that after the rapid initial 
ion heating in the lower ionosphere, the maximum ion temperature due to the heating by 
the Alfven wave moves to higher altitudes. The altitude extent of the strong ion heating 
by Alfven waves depends on the solar conditions. During solar maximum, the altitude of 
strong ion heating extends from 150 km to about 450 km, while in the solar m in im u m  time, 
the ion heating is more localized at the lower altitudes (below 280 km). Strictly speaking, 
a steady state implies T  — Tn = const(v — v„)2 but it takes an unrealistic long time scale 
to achieve a steady state at high altitudes because un decreases exponentially with height.
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Electrons can be heated by energetic particle precipitation or by Ohmic dissipation in 
the field-aligned current layers. The magnitude and the height extent of the electron heating 
by particle precipitation depends largely on the characteristic energy and the energy flux 
of the precipitation. But similar to the ion heating, due to the cooling by electron-neutral 
contact, the maximum electron temperature moves from lower altitudes (at early times) 
to higher altitudes (at later times). The field-aligned current layers are formed by the 
shear of the plasma motion (which causes the sheared magnetic field), and inside the field- 
aligned current layers the ion velocity is generally small, so that the electron heating by the 
field-aligned current is usually in a different region than the ion heating.
The ionospheric heating simulation is motivated by optical and radar (EISCAT) observa­
tions of small scale discrete aurora (Lanchester et al. [1999]). The results of the ionospheric 
ion and electron heating agree quantitatively well with the observation results.
7.2.2 The effects o f th e field-aligned current in th e ionosphere
The propagation of the plasma shear motion from the magnetosphere with the Alfven wave 
into the ionosphere forms the field-aligned current in the ionosphere-magnetosphere system 
(chapter 4). The self-consistently computed ion-neutral collision frequency affects the field- 
aligned current closed by the Pedersen current in the lower E region of the ionosphere. The 
field-aligned current simulation also shows the following interesting results:
(1) In two dimensional structures (field-aligned current layer related to the discrete 
auroral arcs), the field-aligned current can change the plasma number density and the 
conductivities at the base of the field-aligned current layer. At the base of the upward field- 
aligned current layer, the convergent motion of both the ions and electrons increases the 
plasma number density which then increases the Pedersen as well as the Hall conductivities. 
At the base of the downward field-aligned current layer, on the other hand, the plasma
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
116
number density and conductivities decrease due to the divergent motion of the plasma, 
such that a plasma density hole is formed.
(2) As a result of the plasma density hole and decreasing Pedersen conductivity at the 
base of the downward field-aligned current layer, this layer widens. The depleted Pedersen 
conductivity at the center of the base of the downward field-aligned current layer forces 
the closing Pedersen current around the area of the depleted density, thereby widening the 
current layer and expanding the region of density depletion.
(3) Due to the different reflection of the Alfven wave on the two sides of the edge of the 
sharp particle precipitation boundary, a finite field-aligned current filament in the opposite 
direction to the main current layer is formed right at the boundary.
(4) In chapter 5, I showed that in the time of the solar maximum, which gives rise to 
high oxygen density at high altitudes needed for the 0 ( ID) excitation in the ionosphere, the 
large field-aligned current provides a reasonably good mechanism for the red line emission 
in the tall auroral red rays often observed in the solar maximum years.
7.2.3 Ionospheric conductiv ities
The ionospheric current can be calculated by using a simple Ohm’s law j = a ■ E. When 
the customary assumption that the electric field does not change much with height within 
the ionosphere holds, we can compute the height integrated ionospheric current with the 
electric field and the height integrated Pedersen as well as Hall conductivities by equation 
(6.20).
Although the electric field in the ionosphere is not constant in the short time scale con­
sidered in this study, i.e., a few seconds, chapter 6 shows that equation (6.20) is reasonably 
satisfied if we use the value of the electric field at altitudes below 120 km. The reason is 
that the large value of the Pedersen and Hall conductivities is very localized at the lower E
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region of the ionosphere and the electric field is relatively constant at lower altitudes (below 
120 km), so the contribution of the height integrated ionospheric current is mostly from 
the lower E-region. As discussed in chapter 6, the assumption used in most global scale 
ionosphere-magnetosphere coupling models, i.e., the magnetic field lines are equal potential 
such that one can map the electric field in the magnetosphere down to the ionosphere, is 
invalid in the small spatial and fast temporal scale structures. The height integral of the 
ionospheric current is wrong when the electric field in the magnetosphere is used. In addi­
tion, neglecting the averaging over time and horizontal spatial scales in the calculation of 
the height integrated ionospheric currents is also unreasonable.
The usual way to derive the ionospheric conductivities does not include the effect from 
the plasma pressure gradient. The analysis I carried out in chapter 6 shows that there is 
a Hall like term from the electron pressure gradient contributing to the ionospheric Hall 
current. This causes the difference between the real height integrated Hall current and 
the current of the Hall component obtained from the electric field and height integrated 
ionospheric conductivities at the location where there is a large electron pressure gradient. 
The plasma pressure is insignificant for the height integrated Pedersen current.
7.3 Future work
This thesis shows some important new results concerning ionosphere-magnetosphere cou­
pling processes using the newly developed two-dimensional three-fluid ionosphere model. 
This model enables us to quantitatively simulate dynamics of small scale two-dimensional 
ionospheric structures, such as the field-aligned current layers related to discrete auroral 
arcs. The results demonstrate the capabilities and potential of the model for ionosphere- 
magnetosphere coupling processes, with the emphasis on the ionospheric dynamics.
But the real ionosphere is a three dimensional system. Most of the ionospheric phenom­
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ena, for instance, the curl and vortex structures in the discrete aurora, are three dimensional 
structures. Although I have studied the mechanism for tall auroral rays, it also is really a 
three dimensional problem. The interesting result of the formation of the plasma density 
hole at the base of the downward field-aligned current layer also needs to be verified in 
a three dimensional calculation. Thus, a three-dimensional model is needed to fully ad­
dress the ionospheric dynamics. Otto and Birk [1993] have studied the formation of the 
thin discrete auroral arcs by a simplified three dimensional MHD model. They proposed 
a mechanism to illustrate the formation of the thin auroral arcs. But in their model, the 
ionosphere was treated as a boundary, important ionospheric physical processes such as 
particle precipitation and recombination were not included, and the plasma-neutral colli­
sion frequencies were also not calculated self-consistently. Since we have developed a good 
two-dimensional quantitative ionosphere-magnetosphere coupling model in the work of this 
thesis, it is desirable to extend this into three dimensions.
7.4 Conclusion
A quantitative time dependent two dimensional three-fluid ionospheric model was developed 
for the study of the small scale ionosphere-magnetosphere coupling processes, with emphasis 
on the ionospheric dynamics. This is the first model that can resolve the dynamic and 
nonlinear electromagnetic interaction between the ionosphere and the magnetosphere. The 
results of the ionospheric heating simulation quantitatively agree well with optical and radar 
(EISCAT) observations. The field-aligned current simulation shows new, interesting results, 
such as the plasma density hole formation at the base of the downward field-aligned current 
layer, the widening of the downward field-aligned current layer, and the finite field-aligned 
current filament at the edge of the sharp boundary of the particle precipitation. All these 
results have clear physical mechanisms and indicate that the ionosphere could play a very
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
important role in the ionosphere-magnetosphere coupling system.
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